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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 





8. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


A desirable plan for the organization of a paper is the following: (a) introductory 

statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
\ mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 








(e) Every paper must conclude with a brief summary in which the essential results | 


of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.’ It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or ina statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test. of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 4} 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
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From the moment you position your slide... 
to your final look at the specimen... 

you are enjoying a whole new experience 
in microscopy. You’ve never felt such 
smooth rolling focusing action as 

Dynoptic ball bearing motion. 

You’ve never known such comfort. 

7 Your hand is completely at rest on the table 
for operation of fine adjustment, 
mechanical stage, substage condenser 
controls, and illuminator switch... 
all within effortless reach. You—and your 
work—will benefit from these exclusive 
comfort and convenience advantages of the 
world’s finest laboratory microscopes. 


Wile for free demon- 


stration and literature. 
See for yourself how 
Bausch & Lomb Dynoptic 
Microscopes out-perform 
any laboratory microscope 
ever made. Bausch & 
Lomb Optical Co., 65907 
St. Paul St., Rochester 2, 
‘New York. 
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CORNING MICRO COVER GLASSE) 





Now, for the first time, you can get micro covet 
glasses that are water-white crystal in color and 
that offer a degree of flatness that cannot be 





matched by any other cover glass on the market. 


Meeting government specifications in every 
respect and of finest optical quality, these cover 
glasses are a product of Corning’s continuing 
research in glass. Manufactured to exacting 
specifications, they are uniform in thickness and 
quality. Successful production of this cover glass | 
by Corning means that laboratory technicians in| ° 
this country will now have a completely inde- 
pendent domestic supply of micro covers. 


Available in two standard thickness ranges, 
No. 1 (.13 to .17 mm.) and No. 2 (.17 to .25 
mm.), CORNING Micro Cover Glasses are cut 
and marketed by Alfred Bicknell Associates, 
Cambridge, Mass. and J. Melvin Freed, Inc, 
Perkasie, Pa. Your laboratory supply dealer car- 
ries complete stocks. Contact him today. 





CORNING GLASS WORKS, CORNING, N. Y. 
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The Portable, Complete 
Electrophoresis Apparatus 





An ordinary laboratory bench, without 
special mountings, is sufficient for the installa- 
tion of The Perkin-Elmer Tiselius Electro- 
phoresis Apparatus. Precision-ground, achro- 
matic schlieren optics yield sharp, clear 
patterns. Operating the instrument is so 
simple that highly trained personnel are not 
required—a single technician can readily oper- 
ate two units. Measuring only 63 inches in 
length, the entire unit weighs 120 pounds and 
is constructed of heavy aluminum. It operates 
for several hundred hours under its own power 
system. 

The apparatus is shipped complete and pre- 






Schematic cutaway of the new 
Perkin-Elmer Medel 38 Tiselius 
Electrophoresis Apparatus. 





Perkin-Elmer Tiselius Electrophor- 
esis Apparatus at the University 
Hospital of the New York Univer- 
sity—Bellevue Medical Center. 


focussed with a 2 cc Tiselius cell 50 mm long, 
cell holder, ice bath and stirrer, silver-silver 
chloride electrodes, open-end 250 cc buffer 
bottles, stainless steel needles for filling the 
cell, ground glass screen for visual observa- 
tion of the pattern, and a 33” x 4}” film holder. 
Double knife-edge and diagonal slit for use 
with a cylindrical lens are also included. 

The dependability, accuracy and simplicity 
of The Perkin-Elmer Tiselius Electrophoresis 
Apparatus have made it'the choice of hospital 
and research laboratories throughout the 
world. 

Write today for complete information. 


ARM FOR CAMERA BACK 
POSITIONING WITH GROUND 
AMIFE EDGES GLASS SCREEN 
CYLINDRICAL 
LENS LEVER 





POSITIONING DRUM 
cENS DRIVE CABLE 
CYUNORICAL LENS ARM 


s—= THE PERKIN-ELMER CORPORATION 


Norwatk, ConnEcricuT 


Leading manufacturers of Infrared Spectrometers, Continuous Infrared Analyzer, Uni- 





versal Monochromator, Flame Phot t 


, Tiseli 


Electrophoresis Apparatus, D. C. Am- 


plifiers, and other electro-optical instruments for analysis and research. 
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Deeminac — new, inexpensive, simple to operate 


Deeminac operates by the use of 
ion exchange resins, producing water 
equal in quality to that obtained by 
triple distillation. Smallest size filter 
will produce an average of twenty gal- 
lons of water containing maximum im- 
purities of 10 parts per million. Color 
change indicates exhaustion of deion- 
izing power, when the filter should be 
replaced. Will remove salts of cal- 
cium, magnesium, sodium, iron and 
other metallic ions, as well as bicar- 
bonate, sulfate, chloride and silicate. 
Consists of polyethylene bottle and 


aloe scientific pvivision oF A. s. ALOE COMPANY 
5655 Kingsbury ¢« St. Louis 12, Missouri 


Los Angeles ¢ San Francisco « New Orleans ¢ Kansas City * Minneapolis e Atlanta 


Washington, D. C. 


filter. To operate, simply fill bottle 
with water; plug in the filter. Three 
sizes: 6-ounce bottle with 2-ounce fil- 
ter; 8-ounce bottle with 3-ounce filter; 
16-ounce bottle with 4-ounce filter. 
JL39216 — Deeminac, Water Deioniz- 

er, complete, bottle and filter. 

Capacity, oz. 6 8 16 

BRON, 6 siers ci $1.75 $2.25 $3.00 
JL39218 — Deeminac Replacement Fil- 

ter. 

Capacity, oz. 2 3 

Two for....$2.50 $3.50 $4.50 
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RACTIONATION PROBLEMS ? 


here’s help tor you... 


yer tireless servant in your laboratory will automatically 
collect any number (up to 200) of rigidly controlled samples 
of predetermined fluid volumes. Each collected sample may 
comprise any number of drops from one to four hundred. As 
each separate sampling is completed, the carriage automat- 
ically advances to repeat identical collections consecutively 
until the whole fractionation has been made. 

All you have to do is to set it up for the conditions of the 
chosen experiment, short or long, and then leave it alone. 
The machine will plod along without attention hour after hour, 
all day (and night) long. When the job's done, it will shut 
itself off. 

The Technicon Fraction Collector has been thoroughly 
tested in actual laboratory installations, where it has proven 
invaluable to busy research staffs. We shall be happy to send 
you details. 








Ref. Chromatography of Amino Acids on Starch Columns— 
W. H. Stein and S. Moore, Jeni. Biol. Chem. 176, 337, (1948) 








4 saves time and labor 
relieves laboratory staff of the fretful and time- 
consuming chore of fraction-cutting: releases workers 
for other duties. 





(' triples work output 
you can run it twenty-four hours a day, continuously, 
to triple fractionation output as compared with an 8 — 
hour laboratory day. 


4 gives greater resolution 
collecting a large number of small fractions, og 
rather than a few gross ones, you'll get more data 


from a given i e.g. ach , OF 





@ fractional distillation. 


(} assures accurac 
because the possibility of human error is automati- 

cally ruled out. Now fracti Hection b a 

straiahtforward mechanical procedure. 












TECHNICON CHROMATOGRAPHY CORP., 
nd 215 East 149th Street, 
i : ) | i New York 51, N.Y. 
I Send me detailed ener orn 
auf omatic on the Technicon Automatic 


fraction 
collector 
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/TRIPTIDE*® 


(BRAND OF SODIUM GLUTATHIONE, SCHWARZ) 


| CONVENIENT for parenteral adminis- 
| tration when diluted with Water for 
| Injection U.S.P. TRIPTIDE (sodium 


ones gaa be used clinically and 
= experimentally ,.. 
DL GLYCERALDEHYDE - - - IN THE STUDY OF alloxan- 


induced diabetes, hyperglycemia due to 
ACTH, shock, radiation exposure, renal 
dysfunction, detoxication, potassium tox- 
icity, peptide synthesis, and other en- 
zymic functions. 

EACH VIAL CONTAINS 2.15 Gm. of 
TRIPTIDE (sodium glutathione) in ly- 
ophilized, sterile, pyrogen-free form. 
AVAILABLE to all qualified investi- 
gators in the fields of biochemistry and 
clinical medicine. Inquiries on TRIP- 
TIDE (sodium glutathione) are invited. 


SCHWARZ 
LABORATORIES, INC. E> 
204 EAST 44th STREET 


NEW YORK 17, N. Y. 




















CONCORD LABORATORIES 
292 Main St.,Cambridge,Mass. 














A READY REFERENCE PRICE Lisy 
That Will Save Time for You.. 


Use this catalog as a “one stop” 
source of supplies required in bio- 
logical and microbiological research. 


It lists Amino Acids, Vitamins, 
Carbohydrates, Adenylates, Nucleates, 
Purines, Pyrimidines, Tetrazolium Salts, 
Enzymes, Microbiological and Bacterio- 
logical Media, Complete Animal Test 


Diets and Ingredients, and a wide range Wr ite f or ¥ our 
of Biochemicals for Investigational Use. Cop YY TODAY 


GENERAL BIOCHEMICALS, INC. 


® 64 LABORATORY PARK ° CHAGRIN FALLS, OHIO 














THE JOURNAL OF BIOLOGICAL CHEMISTRY 11 


= = Soy SRNR Ay aan : 
macerlab Jr 7 ib Macer ib [ru erlap Jruc 7 ih [ru ert 


Tracerlah ; ha en hh : hu ¢ rub Tra ¢ rlab ; Trai ¢ lub 
y / i 
Tracerl 


or 
: Labeled 
id ; Jracer hh 





i : CARBON-14 COMPOUNDS ees 
al Jracerl 
“f Tracerlab offers an exceptionally complete list 
; of Carbon-14 labeled compounds, most of which Tracer y } 
“a can be shipped from stock. “ 
y- Of interest to research workers in the biologi- 
| ae cal field are such biologically active compounds ~ Traci ) 
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zene, phenol and toluene. 
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synthesis work on compounds in addition to the 
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A.H.T. CO. SPECIFICATION 


KOFLER MICRO HOT STAGE 


For determining corrected micro melting points on the microscope 
stage with samples as small as a single crystal 








KOFLER MICRO HOT STAGE (Micro Melting Point Apparatus), A.H.T. Co. 
Specification. Electrically heated and with thermometers calibrated on the stage 
with which they are to be used. For determining corrected micro melting points by 
means of a microscope with samples as small as a single crystal, permitting con- 
tinuous observation of changes in the sample before, during and after melting. See 
Ludwig Kofler, Mikrochemie, Vol. XV (1934), p. 242. 


For temperatures up to 350°C, with an accuracy of +0.5°C in the range to 
200°C and of +1.0°C in higher range. Can be used on any compound microscope 

roviding magnification 50 to 100, and objective working distance of 6 mm, pre- 
erably with metal stage. 


The variable transformer with stop to limit output to approx. 80 volts and dial 
in single divisions, permits exact reproduction of settings. 


6886-A. Micro Hot Stage, Kofler, as above described, complete outfit as shown in illustration, i.e. Hot 
Stage A, two calibrated thermometers M, cooling block H, Fischer sublimation blocks Ja and 
Jb, baffle D, Kofler-Dernbach vacuum sublimation chamber E, three sublimation dishes K, 
fork lifter L, twenty-four micro slides P, set of eight stable test reagents T and variable trans- 
former. In case with detailed directions for use. For 115 volts, 50 or 60 cycles, single phase 
MAME 5S cote Siu d nig eons hw Ea MOR aS Bech ete a ee maa es psi nd a ac.0 clases ee eT 236.00 


More detailed description sent upon request. 


ARTHUR H. THOMAS COMPANY 
LABORATORY APPARATUS AND REAGENTS 


WEST WASHINGTON SQUARE 
PHILADELPHIA 5, PA. 
Teletype Services: Western Union WUX and Bell System PH-72 
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STUDIES IN VIVO ON LABILE METHYL SYNTHESIS 
WITH DEUTERIO-C*-FORMATE* 


By CHARLOTTE RESSLER, JULIAN R. RACHELE, anp 
VINCENT pv VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, January 31, 1952) 


The utilization of methanol (1-5), formaldehyde (2, 6-11),! and formate 
(2-4, 6, 8-10, 12-15) in the formation of the labile methyl group has been 
well established. In the case of methanol a study in vivo has also been 
made in which the methanol was doubly labeled in the methyl group with 
C™“ and deuterium to ascertain whether or not the methyl group of meth- 
anol was utilized as a unit in methylation or whether the methanol arrived 
in the labile methyl group via oxidation and subsequent reduction (2, 5). 
Approximately 70 to 75 per cent of the deuterium in the methanol was 
found to be lost from the carbon of the methanol which made its appear- 
ance in tissue choline. It was therefore concluded that the methyl group 
in the case of methanol was being utilized through oxidation and sub- 
sequent reduction. It may be recalled that, when methionine labeled with 
both C™ and deuterium in the methyl group was administered to the rat, 
the choline and creatine isolated from the tissues were shown to contain 
the same ratio of deuterium to C™ per methyl group as the administered 
methionine (2, 16). 

In the present investigation, sodium deuterio-C"-formate has been ad- 
ministered to the rat as a preliminary step in investigating the possible 
intermediates in the synthesis of the methyl group from formate. 

A low degree of lability of the formate hydrogen atom in neutral solu- 
tion at elevated temperatures has been reported (17-19). The lability 
of this hydrogen at 25° was determined in this Laboratory and found to be 
extremely low. This low degree of lability thus warranted the use of 
formate labeled with deuterium, as well as C", as a biological tool. 


* The authors wish to express their appreciation for research grants from The 
American Cancer Society through the Committee on Growth of the National Re- 
search Council and from the Lederle Laboratories Division, American Cyanamid 
Company, which have made the present investigation possible. 

A preliminary report of this work was presented at a meeting of the Twelfth 
International Congress of Pure and Applied Chemistry, New York, September, 1951. 

1 In the oral presentation of their paper Welch and Sakami (9) reported that for- 
maldehyde was a precursor of labile methyl] groups in vitro. 
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EXPERIMENTAL 


Lability of Sodium Formate at 25°—1 gm. of sodium formate was dis- 
solved in 3 ml. of 4 per cent D,O and reisolated after 24 hours by distilla- 
tion of the solvent. Deuterium analysis, by use of the falling drop pro- 
cedure (20, 21) on the water of combustion of the well dried sample, 
showed 0.014 atom per cent excess present in the sodium formate, indicat- 
ing approximately 0.3 + 0.1 per cent exchange. 

Sodium Deuterioformate—Deuterioformate was prepared by the thermal 
decomposition of deuteriooxalic acid (22). Formate was separated as the 
water-soluble calcium salt. 


C,D,0,Ca. Deuterium content, 73.1 atom % 
Calculated (for 73.1 atom % deuterium) Ca 30.5; found, Ca 30.4 


For use in vivo an aqueous solution of sodium deuterioformate was ob- 
tained by dissolving the calcium salt in the minimum volume of water, 
treating the solution with an equivalent amount of sodium sulfate, and 
separating the solutions and washings from the precipitated calcium sul- 
fate by centrifugation. 

Sodium C™-Formate—This material was prepared from barium C*- 
carbonate by a method reported previously (2). 

Experimental Procedure—A solution of doubly labeled sodium formate 
was obtained by mixing a solution of sodium C'-formate with one of 
sodium deuterioformate, containing approximately 0.03 and 26.5 mm, 
respectively. The sodium deuterio-C'-formate in solution was admin- 
istered subcutaneously to two rats over a period of 3 days for one and 5 
days for the other. The rats were allowed free access for several days 
preceding and during the experimental period to a diet already described 
(6). After the time periods given in Table I the animals were killed by 
placing them in an atmosphere containing chloroform. The choline was 
isolated from the tissues as the chloroplatinate in the manner described 
previously (23) and degraded to trimethylamine, which was likewise iso- 
lated as the chloroplatinate. The purity of these compounds was checked 
by elementary analysis for platinum. These analytical values are listed 
in Table I along with other experimental data. 

In Table II are given the ratios of deuterium to C" in the administered 
formate and in the methyl group of the trimethylamine obtained from 
tissue choline. From these results it is clear that there has been no loss 
of hydrogen in the conversion of formate to the methyl group of choline. 

Deuterium Analyses—Calcium deuterioformate was burned in a stream 
of oxygen, and the deuterium content was determined by reducing the 
water of combustion with hot zinc to a mixture of deuterium and hydro- 
gen, as described briefly by Sprinson and Rittenberg (24). Construction 
and procedural details for the reduction apparatus were obtained from 
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Dr. Rittenberg.2 The gaseous mixtures were then introduced into the 
mass spectrometer and the ratios determined as described by Washburn 
(25). The trimethylamine chloroplatinates were analyzed for deuterium 
in the same manner. 

C™ Determinations—An aliquot of the solution containing the mixture 
of sodium deuterioformate and sodium C"-formate was dried in a tube 
placed in a desiccator and the residue was oxidized with the Van Slyke- 


TABLE | 


Administration of Deuterio-C''-Formate. 








: | | Choline Trimethylamine 
Rat No. | Weight change | Experimental | mM injected | chloroplatinate, | chloroplatinate, 
| | period | | per cent Pt* | percent Ptf 
rr - —_ | —— a 
| gm. | days | 
961 | 111-113 | 5 | 26.5 31.6 | 36.8 
| | 
2 144-154 3 | 26.5 
’ | 


31.6 | 36.7 


+s Thooeotienl Pt content: m - 317 7 per cent. 
+ Theoretical Pt content = 37.0 per cent. 





TaB_e II 
Experiments with Deuterio-C'4-F ormate 











sil D 
Rat No. Compound oy C4 content va | RDC-OONG X 100 
| 
joo Soe —— 
atom | 
per cent | c.p.m. per m.eq. 
excess 
961 DC#4OONa | 73.1 | 1.48 X 105 4.94 X 1074 32 + 1 
TMA* | 1.01 | 6.43 X 10* | 1.57 X 10-4 | 
2 DC'4OONa 73.1 | 2.82 X 105 26.0 X 1075 33 + 3 
TMA 0.23 | 2.73 X 108 8.54 X 1075 








: TMA = : tlnethy lamine. 


Folch oxidizing mixture (26). The carbon dioxide formed was trapped 
in sodium hydroxide and precipitated as barium carbonate, the radio- 
activity of which was determined under a thin mica window Geiger-Miiller 
counter, in connection with a scaling circuit. The results were corrected 
for background and self-absorption. The trimethylamine chloroplatin- 
ates were burned and counted in a similar manner. 


DISCUSSION 


If the hydrogen atom of formate is retained in the conversion of the 
latter to the methyl group, the deuterium-C" ratio in the methyl group 


* Rittenberg, D., private communication. 
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of choline would be expected to be one-third of that existing in the for- 
mate administered. This value is based upon the fact that formate would 
be diluted necessarily with 2 additional hydrogen atoms upon its con- 
version to the methyl group. The data in Table II show that the deu- 
terium-C™ ratio in the methyl group of choline approximates one-third 
the ratio in the administered formate. These results indicate that for- 
mate has entered the methyl group with no detectable loss of its hydrogen. 
It is thus clear that, in the conversion of formate into a labile methy] 
group, any intermediate possessing no hydrogen atom, such as carbon 
dioxide, cyanide, or isocyanate, and any intermediate possessing readily 
exchangeable hydrogen atoms under biological conditions are precluded. 

In a recent study by Berg (14) on the formation of the methionine 
methyl group from formate, he has concluded that the pathway is not via 
choline or betaine. Guinea pig liver slices and the isotope dilution tech- 
nique were employed. The results reported in the present communication 
are not inconsistent with those of Berg, since the appearance of the for- 
mate carbon in the methyl group of tissue choline or creatine in our ex- 
periment in the intact animal does not, of course, imply that it is in the 
actual synthesis of choline or creatine that the new methyl group has been 
created. This synthesis of a methyl group could well occur during the 
synthesis of methionine, and then through transmethylation the newly 
formed methyl group would reach the choline and creatine. 


SUMMARY 


Sodium deuterio-C"-formate has been administered subcutaneously to 
the rat. Formate has been found to enter the methyl group of tissue 
choline with no detectable loss of its hydrogen. Thus, in the conversion 
of formate into the labile methyl group, such intermediates possessing 
either no hydrogen atom or any readily exchangeable hydrogen atoms are 
precluded. 
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DISTRIBUTION STUDIES ON PARTIAL PEPTIC 
HYDROLYSATES OF ADRENOCORTICOTROPIC 
HORMONE* 


By FREDERICK H. CARPENTER, GEORGE P. HESS, anp CHOH HAO LI 


(From the Department of Biochemistry, University of California, Berkeley, California) 


(Received for publication, December 19, 1951) 


Since the report by Li in 1948 (1, 2) that the biological activity of adreno- 
corticotropic hormone (ACTH) was retained after partial hydrolysis by 
pepsin, several techniques have been applied in attempts to isolate in 
pure form an active component from this partial hydrolysate. Li and 


- Pedersen (3) have reported results on the use of starch and paper chroma- 


tography. Li, Tiselius, Pedersen, Hagdahl, and Carstensen (4) have had 
some success with displacement chromatography on charcoal. Lesh e¢ al. 
(5) have applied the counter-current distribution method of Craig (6) 
to partial peptic hydrolysates of pork ACTH. A several fold purification 
of the biologically active component was realized during the distribution 
between phenol and water containing varying amounts of ether. 

Payne, Raben, and Astwood (7) have reported on purification studies 
performed on an acetic acid extract of pork pituitary glands. A com- 
ponent present in the acetic acid extract which possessed ACTH activity 
was purified several fold by counter-current distribution between butanol 
and water containing various organic acids, and 20— to 80-fold by ad- 
sorption and elution from oxycellulose (8). 

The present report describes studies of the counter-current distribution 
of partial peptic hydrolysates of sheep and pork ACTH in various solvent 
pairs. In preliminary experiments various solvent systems were examined 
with regard to their efficiency in separating appreciable amounts of ma- 
terial on a weight basis in relatively few transfers. Systems that appeared 
promising by this criterion were then studied further with biological ac- 
tivity as an additional criterion. Of the numerous solvent systems in- 
vestigated the most effective in the separation of material by the weight 
criterion appeared to be sec-butanol-10 M ammonium acetate; isobutyric 
acid-water; 2 ,4-lutidine-water; and 2,4,6-collidine-water. Of these the 
collidine-water system appeared the most promising when judged by the 
additional criterion of biological activity. Consequently this report deals 
only with those experiments in which the collidine-water system was used. 


* A preliminary report of this work was made at the Twelfth International Con- 
gress of Pure and Applied Chemistry, New York, September, 1951. 
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8 PEPTIC HYDROLYSATES OF ACTH 


EXPERIMENTAL 


Material—The material used in most of these studies was obtained from 
sheep ACTH protein by partial hydrolysis with pepsin according to the 
procedure of Li (1-3). The fraction of the hydrolysate which was soluble 
in 5 per cent trichloroacetic acid was purified further by precipitation from 
a solution that was 25 per cent with respect to trichloroacetic acid (9). 
The precipitate was dissolved in water, the solution was acidified with a 
drop of hydrochloric acid, and the trichloroacetic acid was removed by 
repeated extraction of the solution with ether (U. S. P.). The aqueous 
solution was then dried in the frozen state to give a white, amorphous 
powder. This powder, which contained 1 to 2 mg. of activity per mg. of 
solid, will be referred to in this paper as “ACTH peptide preparation.” 


Methods 


Determination of Solids—In order to determine the total solids present 
in a tube from a distribution, the solutions, generally both upper and lower 
layers, were placed in tared Florence flasks weighing about 2.2 gm. (10). 
After the flasks had been plugged with cotton, the containers were placed 
in a dry ice chest for several hours in order to freeze the solutions. The 
containers were then placed in a lyophilization apparatus and the solvents 
were removed in vacuo from the frozen solutions. The residues were kept 
for several hours over P20; in vacuo before being weighed. 

The lyophilization apparatus was constructed from a large desiccator 
(Corning No. 3120). The exhaust sleeve was removed, and the bead of 
glass on top of the 55/50 standard taper inner joint was cut away. The 
opening thus formed was connected by way of a 50 mm., outside diameter, 
tube with a trap cooled in a trichloroethylene-dry ice mixture. 

Determination of Biological Activity—The biological activity of the vari- 
ous fractions was determined by the adrenal ascorbic acid depletion assay 
of Sayers, Sayers, and Woodbury (11). Solutions were prepared for assay 
in a diluent which was 0.85 per cent in sodium chloride and 0.002 n in 
acetic acid. The values for ascorbic acid depletion were compared against 
a standard curve prepared from the response to the ACTH protein reported 
previously by Li e¢ al. (12). The results are expressed as mg. of activity 
per mg. of solid. Since in many cases only six to twelve animals were used 
for an assay, the activity results must be considered as semiquantitative. 


Distribution Studies 


Solvent Systems—In the sec-butanol-10 mM ammonium acetate system, the 
ACTH peptide preparation was separated into a major fraction with a par- 
tition ratio of 0.07 and several minor components with larger partition 
ratios. Since the major fraction contained the biologically active mate- 
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rial, this system would not appear to be a favorable one for use in initial 
purification steps. In the isobutyric acid-water system, the ACTH pep- 
tide preparation was separated into three fractions of approximately equal 
weight with partition ratios of 0.15, 0.72, and 2.0. Since considerable in- 
activation was experienced in the isolation of material from this system, 
it was not possible to assign a definite partition ratio to the biologically 
active component. Owing to this inactivation the system was eliminated 
for preparative work, but it might prove useful in testing the purity of 
ACTH peptide fractions obtained by other methods. 

The behavior of the ACTH peptide preparation in the 2 ,4-lutidine-water 
system varied with the commercial source of the lutidine. Certain sam- 
ples! of the 2,4-lutidine gave results almost identical with those reported 
in detail below for the 2,4,6-collidine-water system. Other samples of 
2 ,4-lutidine vielded very little separation of biological activity from inac- 
tive material. Experiments with 2,4,6-collidine-water,? which proved to 
be the best system so far investigated, are reported in more detail in the 
following sections. 

Seventeen Transfer Distribution of ACTH Peptide Preparation (Sheep) 
between 2 ,4,6-Collidine and Water—A seventeen transfer distribution of the 
ACTH peptide preparation (40 mg., L2145MP, 1 mg. of activity per mg. 
of weight) between water and 2,4,6-collidine? was performed in glass cen- 
trifuge tubes. A volume of 4 ml. for the upper and 4 ml. for the lower layer 
was used. At the completion of the distribution, 10 ml. of benzene (thio- 
phene-free) were added to each tube. The layers were mixed and, after 
separation had occurred, the lower aqueous layers were removed. The 
aqueous layers were extracted a second time with 5 ml. of benzene, and 
then were frozen and lyophilized. 

The weight of the residue remaining in each tube and the biological ac- 
tivity of certain residues were determined. The results are plotted in Fig. 
1 as though the upper layers were the moving phase, although the experi- 
ment was performed with the lower layers as the moving phase. About 
75 per cent of the solids was found in Tubes 0 through 8, while the remain- 
ing solids and nearly all of the biological activity occurred in Tubes 9 
through 17. The skewed nature of the biological activity curve is probably 
an artifact caused by variable loss of activity during the isolation procedure. 

Seventeen Transfer Distribution of ACTH Peptide Preparation (Pork) be- 
tween 2,4,6-Collidine and Water—A study was made of the distribution of 
ACTH peptide preparation from pork. This preparation was made in the 


1A sample of 2,4-lutidine obtained from the Mallinckrodt Chemical Works be- 
haved in this fashion. 

° The 2,4,6-collidine was secured from the Reilly Tar and Chemical Company 
and had a boiling point of 170°. 
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laboratories of Armour and Company by a procedure similar to that de- 
scribed by Lesh et al. (5). The material had a biological activity of about 
15 mg. per mg. of solid. The distribution was performed on 40 mg. of 
material by a procedure that was identical with that described above for 
the sheep preparation. 

The results, Fig. 2, show that the pork ACTH peptide preparation was 
distributed in a fashion that was very similar to that of the sheep prepara- 
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Fic. 1. A seventeen transfer distribution of sheep ACTH peptide preparation 
between 2,4,6-collidine and water. The ordinate represents total weight in mg. or 
total activity in mg. per tube. 





tion. Again most of the solids appeared in Tubes 0 through 8, while most 
of the activity was found in Tubes 9 through 17. 

Preliminary Purification of ACTH Peptide Preparation by Two Transfer 
Extraction Procedure between 2 ,4,6-Collidine and Water—The results ob- 
tained with the distribution studies on the ACTH peptide preparation be- 
tween water and 2,4,6-collidine indicated that the distribution constant 
of the biologically active material was sufficiently different from that of 
the major portion of the solids that good purification in a relatively 
small number of transfers might be anticipated. Accordingly, a two trans- 
fer procedure was devised from theoretical considerations of the apparent 
distribution constants of the biological activity and the solids. 

The scheme of this procedure is shown in Fig. 3. U represents collidine 
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i de- | saturated with water, while Z represents water saturated with collidine. 
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Fig. 2. A seventeen transfer distribution of pork ACTH peptide preparation 
between 2,4,6-collidine and water. 
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while the original lower layer (Lo) was extracted with a fresh portion of 
upper layer (U;). Uo and Lo were then set aside separately. LL was then 
extracted with U; and L; was set aside. Uy, was extracted with a fresh 
portion of lower layer (L2) and U, and L» were set aside separately. The 
lower layers (Lo, Li, and Lz) were combined and lyophilized. The upper 
layers (Up) and U;) were treated in a similar fashion. 

The results obtained in a typical experiment in which 500 mg. of peptide 
preparation (L2223M, 1.2 mg. of activity per mg. of solid) were subjected 
to the two transfer procedure with 100 ml. of upper and lower layers are 
shown in Table I. Some mechanical loss of material was suffered in the 
experiment and hence the total recovery of solids amounted to about 85 
per cent of the starting material. The combined upper layers contained 


TABLE [| 


Distribution of ACTH Peptide Preparation between Collidine and Water with Two 
Transfer Procedure 


























Weight Activity* 
Fraction : 
Total Recovered Total | Recovered | Specific 
mg. per cent mg. | per cent hina ou mg. 
Combined uppers................ 114 27 296 (il | 2.6 
a NO WWOEN 55.2 isis iced ha oe 308 73 123 29 | 0.4 
LUCINDA ah gh bar Sor re Pear eee 422 419 | | 





* A total of twenty animals at two dose levels was used for the determination of | 


biological activity. 


about 27 per cent of the recovered solids and about 70 per cent of the re- 
covered biological activity. The material present in the combined upper 
layers possessed a specific biological activity that was approximately double 
that of the starting material. 

99 Transfer Distribution of Partially Purified ACTH Peptide Preparation 
between 2,4,6-Collidine and Water—Material recovered from the upper 
layers of a two transfer distribution procedure was used as starting material. 
The distribution was performed in the all-glass instrument of Craig and 
Post (13). However, owing to the formation of emulsions that were slow 
to separate in the early part of the distribution, the first fifteen transfers 


were performed in centrifuge tubes. Initially the peptide sample (200 mg.; | 


2.2 mg. of activity per mg. of solid) was introduced in equal portions into 
Tubes 0 and 1. 

At the completion of the distribution the contents of each tube were 
placed in tared flasks and lyophilized. The weight of the residues was 
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determined and then the residues were moistened with 1 drop of glacial 
acetic acid and dissolved in water to a concentration of 1 mg. perml. The 
resulting solutions were assayed for biological activity and analyzed by 
various colorimetric procedures. For each of the various color reactions 
a standard curve was prepared from the starting ACTH peptide material. 
The color produced by the unknown solutions was compared with the 
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Fie. 4. Results of a 99 transfer distribution of partially purified ACTH peptide 
preparation between 2,4,6-collidine and water. Each point in the biological ac- 
tivity curve was determined by the use of ten animals at two dose levels. K = par- 
tition ratio. 


1 





standard curve in order to convert color readings into weight of peptide 
in the sample as determined by the particular color reaction under inves- 
tigation. 

The results of the analyses for residue weights, ninhydrin color weight 
(14), and biological activity are shown in Fig. 4. The solids curve indi- 
cated that the material was separated into at least five distinct fractions. 
The total weight recovered was 216 mg., which indicated the formation of 
some residue by interaction of the solvents with the peptide fraction. The 
weight, as determined by the ninhydrin color, roughly paralleled the dry 
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weight curve. The solid recovery, as calculated from the ninhydrin curve, 
was 186 mg., which is a reasonable value considering inevitable small losses 
due to manipulation. The results for biological activity, although some- 


what erratic due to the large variation of the assay, indicated that the | 


biologically active material possessed a partition ratio of 2.5to03. Possibly 
the active component was associated with the solids with a partition ratio 





of 2.8. Summation of the biological activity under the curve indicated | 


virtually complete recovery of the activity. The material in tube 74 pos- 
sessed 9.5 mg. of activity per mg. of solid. 
DISCUSSION 


The results of these distribution studies on the ACTH peptide prepara- 
tions indicated that the material was a rather complex mixture. From 


the point of view of the separation of inactive from active material in rela- | 


tively few transfers the 2 ,4 ,6-collidine-water system proved quite satisfac- 


tory. The initial seventeen transfer distribution studies indicated that © 


about 80 per cent of the solids possessed a partition ratio (K) of about 0.2, 
while the biological activity possessed a partition ratio of 2to 5. Owing 
to the inherent inaccuracies of the biological assay as well as to possible 
variable loss in activity on removal of the solvents, it was difficult to assign 
a definite value to the partition ratio of the biologically active material. 


In designing the two transfer experiments a partition ratio of 5 was assigned | 


to the biological activity. However, the results of the two transfer as well 
as of the 99 transfer experiments indicated that the biological activity pos- 
sessed a K value closer to 2 to 3 in the collidine-water system. In future 
experiments additional steps should be incorporated in the two transfer 
procedure in order to obtain an increased recovery of biological activity. 

It is of interest to note that the ACTH peptide preparation from pork, 
which possessed approximately 10 times as much biological activity as the 
sheep preparations, was distributed in a fashion that was qualitatively 
similar to that of the sheep preparation. 


Certain disadvantages of the collidine-water system should be noted. | 
Almost invariably emulsification was encountered in certain tubes in the | 
early stages of a distribution. Since this emulsification was closely asso- | 


ciated with the tubes containing the biological activity, these tubes could 
not be discarded from the distribution and had to be clarified by centrifu- 
gation. The collidine-water system was very sensitive to changes in tem- 
perature. One or two degrees change in temperature resulted in a marked 
change in the miscibility of the solvents; the solvents became more im- 
miscible as the temperature increased. Most of the experiments reported 
here were performed at 24-25°. Variable inactivation of the biological 
component was experienced either during the distribution or during the 
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procedures used for removing the solvents. This inactivation rarely ex- 
ceeded 50 per cent and in some cases was not detected at all. However, 
the summation of all the experiments performed would indicate a trend 
toward a low recovery of activity from a distribution. 

Ninhydrin, tryptophan (15), Folin (16), histidine (17), and arginine (18) 
color reactions were performed on the 99 transfer distribution of the par- 
tially purified ACTH peptide in the prospect that a color reaction might 
be discovered which could be specifically related to the biological activity. 
Although some of the biologically inactive fractions showed significant 
changes in one or more of these color reactions, the fraction showing a large 
increase in biological activity possessed about the same color values as the 
starting material. Thus it was not possible to correlate any of these color 
reactions specifically with the biological activity at this stage of the purifi- 
cation. 


The authors wish to acknowledge the aid of Mrs. Beatrice Singer in the 
performance of these experiments. We are also indebted to Dr. E. E. Hays 
and Dr. J. B. Lesh of Armour and Company for the sample of pork ACTH 
peptide preparation used in these experiments. This research was sup- 
ported in part by grants from the United States Public Health Service, 
the Armour Laboratories, Merck and Company, Inc., and Eli Lilly and 
Company. 


SUMMARY 


Studies on the counter-current distribution of partial peptic hydrolysates 
of sheep and pork adrenocorticotropic hormone (ACTH) in several solvent 
systems are reported. A system of 2,4,6-collidine-water was the best of 
the systems tried from the point of view of separation of biological activity 
from inactive solids in these relatively crude preparations. It was noted 
that pepsin hydrolysates of pork ACTH were distributed in the collidine- 
water system in a manner qualitatively similar to the distribution of the 
sheep ACTH preparations. By a combination of distribution procedures 
in the collidine-water system a roughly 8-fold purification of the biologically 
active component of the sheep ACTH preparation was realized. 
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STUDIES OF THE ANOMALOUS TITRATION OF CALF THYMUS 
DESOXYPENTOSE NUCLEIC ACID AND NUCLEOHISTONE* 


By JOSEPH SHACK anp JACQUELINE M. THOMPSETT 


(From the Laboratory of Experimental Oncology, National Cancer Institute, National 
Institutes of Health, Public Health Service, and the Division of Medicine, 
University of California School of Medicine, San Francisco, California) 


(Received for publication, August 21, 1951) 


In a study of the electrometric titration of the acidic and basic groups of 
calf thymus desoxypentose nucleic acid Gulland, Jordan, and Taylor (2) 
found an anomalous titration behavior which they interpreted as being 
due to initial blocking of the amino and enolic hydroxyl groups of the 
purine and pyrimidine residues through hydrogen bonds and a liberation 
of these groups by acid or alkali. Further work on titration of several 
other desoxypentose nucleic acids by Cosgrove and Jordan (3, 4) and 
Overend and Peacocke (5) supports the concept that the anomalous titra- 
tion behavior is a general property of ““undenatured”’ desoxypentose nucleic 
acids.! 

There is described in this paper another property which appears to be 
characteristic of the native state of DNA,? and which by analogy might 
be called the anomalous spectrophotometric titration behavior. The ultra- 
violet absorption spectra of purine and pyrimidine compounds and of 
nucleic acids are known to depend on the pH of the solution (cf. (7, 8)). 
This dependence is presumably related to the state of ionization of the 
acidic and basic groups. It might therefore be expected that the varia- 
tion of the ultraviolet absorption with pH would be markedly different for 
the highly polymerized DNA, in which initial blocking of the amino and 
enolic groups occurs, and for degraded DNA, in which these groups have 
been liberated by such agents as acid, alkali, or heat. Such a result was 
found in the studies to be reported below of the changes of ultraviolet 
absorption with pH, over the range pH 7 to 12.5, of undenatured calf 
thymus DNA and of the same material after exposure to acid, to alkali, or 
to heat. Analogous data for calf thymus nucleohistone demonstrate that 
the anomalous spectrophotometric titration behavior is also a property 
of the DNA component of the nucleohistone before deproteinization and 
precipitation of the DNA. 


* This paper was presented at the Twelfth International Congress of Pure and 
Applied Chemistry, New York, September 10-13, 1951 (1). 

1 Zamenhof and Chargaff (6) have presented a discussion of criteria of recognition 
of “‘undenatured’’ desoxypentose nucleic acids. 

* DNA is used here as an abbreviation for desoxypentose nucleic acid. 
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18 TITRATION OF DNA AND NUCLEOHISTONE 


EXPERIMENTAL 


Materials—Nucleohistone was prepared from fresh calf thymus by a 
method essentially the same as Petermann and Lamb’s (9) modification 
of the method of Mirsky and Pollister (10). The temperature was main- 
tained at less than 4° and the pH close to 7.0 at all stages of the prepara- 
tion. Solutions of such preparations of nucleohistone in M NaCl-0.01 
sodium citrate were highly viscous, strongly doubly refractive, and had 
N:P ratios of 3.7 to 3.8. 

The nucleohistone was freed of protein by twelve treatments with chloro- 
form-octanol (11) and the sodium tetranucleate was precipitated by 60 
per cent ethanol, washed with 70 per cent ethanol followed by absolute 
ethanol and ether, and dried in air. The material had a N:P ratio of 
1.67, was biuret-negative, and contained less than 1 per cent of pentose 
nucleic acid as determined by the phloroglucinol procedure (12). The 
relative viscosity of a 0.25 per cent solution was 108 in water and 38 in 
0.05 m NaCl (time for 5 ml. of distilled water in the Ostwald-Fenske 
viscosimeter, 11.7 seconds). The drop in the viscosity of this sample on 
addition of acid or alkali was just as described by Creeth, Gulland, and 
Jordan (13). Electrometric titration yielded results in essential agreement 
with those published by Gulland e¢ al. (2). All of the experiments to be 
described below were carried out with this preparation of DNA; however, 
results with other preparations were found to be in essential agreement. 

Methods—Spectrophotometric titrations were carried out at room tem- 
perature, which in this series of titrations was between 23-26°. A volume 
of from 10 to 25 ml. of solution containing about 0.03 to 0.06 mg. of nucleic 
acid per ml. was used in a titration. Acid or alkali was added from a 
micro burette; a stream of CO,-free nitrogen was bubbled through the 
solution during addition. In most cases boric acid (to about 0.005 m) 
was added to provide buffering in the region of pH close to neutrality. 
At each pH an aliquot was removed for measurement of absorption against 
an appropriate blank with the Beckman DU spectrophotometer, and then 
returned to the reaction vessel. The measured densities were corrected 
for changes of volume. In all of the experiments to be described below 
the changes of absorption that occurred on the addition of acid or alkali 
were instantaneous and the new values stable. 

The pH was measured by means of Beckman external glass electrodes. 


Above pH 10 type E electrodes, selected for linearity, reproducibility, and | 





speed of response, were used; these were calibrated by use of 0.002 to 0.04.n | 


solutions of sodium hydroxide whose pH values were calculated from the 
pK, values of Michaelis (14) and the activity coefficients given by the 
Debye-Hiickel equation, —log yor = 0.5V/u. 
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The spectrophotometric titration data have been plotted as the degree 
of transformation a versus pH where 


on a= D—D,/D.—- Di 
_ D being the optical density at the particular pH, and D, and D, the den- 
sities for a = 0 and 1.0 as estimated from the asymptotes. Such curves 
will be called spectrophotometric titration curves. In most cases curves 
were determined for one wave-length in the region of the maximum and 
one in the region of the minimum of absorption. 
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; Results 
on Spectrophotometric Titration of DNA with Alkali—There are shown in 
_ Fig. 1 typical titration curves of DNA on the alkaline side of neutrality, 
"he and in the inset the changes of ultraviolet absorption on which these 
i titrations are based. The DNA dissolved in water (pH 6.8) had the ab- 
sles sorption spectrum shown by Curve A; this was stable on standing and was 
on not changed by the addition of boric acid, in this experiment to 0.005 m. 
nd On addition of alkali to this solution no appreciable change of absorption 
ant at wave-lengths below 250 muy is found until the abrupt rise that occurs 
he beyond pH 10.8. However, the initial increments of alkali caused a lower- 
ver, ing of the absorption at wave-lengths above 250 mu, the absorption be- 
st. coming constant at around pH 8.5 to 9.0 and showing no further change 
n- until the abrupt rise beyond pH 11. The intermediate spectrum (from 


me pH 8.5 to 10.8) is given by Curve B. Beyond pH 12.3 the spectrum, Curve 
leic C, is again invariant with pH (to at least pH 13). Curves 1 and la are the 
i a curves for the change that occurs beyond pH 10.8, calculated from data 





the at 230 and 260 my respectively. These a curves are seen to be abnormally 
m) steep and asymmetrical. 

ity. The effect of the initial additions of alkali in lowering absorption above 
baal 250 mu is apparently not due to proton exchange, since the electrometric 
_ titration curves show no evidence of groups titrating between pH 7 and 9. 
tod Furthermore the change is not reversible; on subsequent shifting of the 
low | PH between 9 and 7 the spectrum (Curve B) remains unchanged. It 
bali was found, however, that addition of any of a variety of neutral salts to 

the original solution of DNA in water, either with or without boric acid, 
des, | caused a similar lowering of absorption and resulted in a spectral curve 
and | Very close to Curve B of Fig. 1, inset. With NaCl the change is complete 
4x at about 0.001 m, and when the titrations were carried out at salt con- 
the centrations above 0.001 m no further change of absorption occurred on 


the addition of alkali until the sharp rise beyond pH 11. These effects of salt 
and alkali in lowering the absorption have been found with a number of 
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preparations of DNA. The nature of the change is not yet clear but is 
being further investigated. 

On reneutralization a different and reversible a curve (Curve 2) is ob- 
tained which is considerably displaced from the original forward titration 
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Fie. 1 Fig. 2 

Fic. 1. Spectrophotometric titrations of nucleic acid in water. Inset, ultra- 
violet absorption spectra; Curve A, original spectrum; Curve B, stable spectrum 
obtained on addition of the initial increments of alkali (see the text); Curve C, at 
pH 12.4; Curve D, at pH 2.3; Curve E, reneutralized, © from pH 12.4, X from pH 2.3. 
Optical density, D, calculated for solutions 4 mm in nucleic acid phosphorus in a 1 
em. cuvette. Main figure, Curves 1 and 1a, forward titration curves for the changes 
above pH 10.8, at 230 and 260 my, respectively. +, electrometric forward titration 
(see the text). @, back-titration from pH 12.4 to neutrality at 230 my; A, at 260 
mu; ©, subsequent titration from neutrality to pH 12.4 at 230 mp. Curve 2, solid 
line, is a theoretical 2 proton curve for pK’, values of 10.6 and 11.2; the dotted line 
is theoretical if both groups have pK’, 10.9. XX, electrometric back-titration (see 
the text). 

Fig. 2. Spectrophotometric titrations of nucleic acid in m NaCl. Curve 1, for- 
ward titration; Curve 2, back-titrationfrom pH 12.5. © and @, spectrophotometric 
data at 230 mu; X, electrometric forward titration (see the text). Curve 3 is theo- 
retical for 2 equivalents if both have pK’, values of 10.8. Curve 4, titration at 230 
my of sample exposed both to acid at pH 2 and alkali at pH 12.4; theoretical for 
2 equivalents with pK’, values of 9.8 and 10.8. 





curve, is much less steep, and is fairly symmetrical; the points for data 
at 230 and 260 my are seen to be in good agreement. Curve 2 represents 
the reversible transition between Curve C and that of the reneutralized ma- 
terial (Curve E). Shown also are the absorption curves of DNA brought 
to pH 2.3 (Curve D) and then reneutralized (Curve E). It is of interest 
that the absorption curves of the reneutralized DNA are almost the same 
whether the exposure was to acid or to alkali and that the absorption is 
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higher at all wave-lengths up to 290 my than that of the original nucleic 
acid. After exposure to either acid or alkali the transition between Curves 
C, D, and E is very nearly reversible and they could be reproduced on 
subsequent changes of pH. It is also seen that after exposure to acid or 
alkali the absorption at 254 my is essentially independent of pH. 

Spectrophotometric titrations were also carried out in molal NaCl in 
order to establish a base-line for interpretation of studies of nucleohistone 
in this medium. Since the ionic concentration is only slightly changed in 
the course of a titration in this medium, any complications due to salt 
effects are minimized; thus the initial lowering on addition of alkali does 
not occur. Also, as pointed out by Cohn e¢ al. (15), the activity coef- 
ficients remain essentially constant for titrations in this medium, and this 
makes more certain comparison of the spectrophotometric and electro- 
metric titrations. The results are plotted in Fig. 2; the distinction between 
forward and back-titration curves is evident. Although not shown, curves 
based on data at 260 my are again in good agreement with those shown 
for the data at 230 my. The comparable curves in water and m NaCl 
are almost superimposable except for a shift of about 0.3 pH unit to the 
acid side at the higher ionic strength. This finding is in harmony with 
the evidence of Gulland et al. (2) that the lowering of the viscosity of DNA 
by neutral salts does not involve unblocking of the enolic groups. 

Inasmuch as the spectral changes are presumably associated with ioni- 
zation of the enolic hydroxyl groups, it was considered of interest to com- 
pare the spectrophotometric titration curves with electrometric titrations 
of the same material. In the case of a substance as complex as DNA it 
could not a priori be expected that an exact correlation would be found, 
since titration of each enolic group might not involve the same contri- 
bution to the change of absorption. Furthermore, the concentration of 
DNA used in an electrometric titration is about 100 times that in a spec- 
trophotometric titration and some shift of the curves along the pH axis 
might be expected owing to interaction of the highly charged DNA mol- 
ecules. However, when 0.2 pH unit is added to our electrometric titration 
data, in either water or M salt, the correspondence with the spectrophoto- 
metric curves is quite close. This is shown in Fig. 1 for titrations in water 
and in Fig. 2 for titrations in Mm salt. Because of precipitation electro- 
metric back-titrations cannot be carried out in M salt (2). In each case 
a was set equal to 1 at 2.05 equivalents of alkali per 4 atoms of DNA phos- 
phorus. Curve 2 of Fig. 1 is theoretical for 2 equivalents with pK’, values 
of 10.6 and 11.2; the dotted curve, for two groups with pK’, of 10.9. Our 
electrometric back-titration curves are slightly steeper than those of Gul- 
land et al. (2) who reported pK’, values of 10.4 and 11.4. 

The correspondence of the spectrophotometric and electrometric titra- 
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tion curves is in harmony with the concept that the spectral changes in the 
pH region 7 to 12.5 are associated primarily with the ionization of the 
enolic hydroxyl groups. By analogy with the anomalous titration be- 
havior previously demonstrated for the electrometric titration curves 
(2-5), our results might be said to demonstrate an anomalous spectro- 
photometric titration behavior of DNA. Fairly good agreement has been 
found between the spectrophotometric titration curves from data at 230 
and 260 my, and the anomalous behavior is shown by the curves from data 
at either wave-length. However, it is seen from a comparison of Curves 
B, C, and E of Fig. 1 that the percentage change of absorption with pH is 
much smaller at 260 than at 230 my, especially in the case of the acid- or 
alkali-treated DNA, and it has been found in practice that the degree of 
reproducibility of the curves from data at 230 my was considerably greater 
than from data at 260 mu. 

Effect of Various Treatments of DNA on Spectrophotometric Titration 
Curves—The abnormal steepness and asymmetrical shape of the original 
forward titration curve is presumably due to simultaneous breaking of 
many hydrogen bonds (2), together with a change in state of polymeriza- 
tion on the addition of alkali. It is to be expected that different treat- 
ments of the DNA would result in varying degrees of liberation of the 
groups; this should be reflected in the position, steepness, and asym- 
metry of the curves obtained when alkali is added to the neutral solutions 
of the treated DNA. 

When a solution of DNA was brought to pH 12.4 and reneutralized, the 
a curves found on addition of alkali were practically identical whether the 
solution had been kept at pH 12.4 for 10 minutes or 18 hours. In order to 
determine whether a long exposure to pH values just below the critical 
value would free the enolic groups, samples were allowed to stand for 1 
day at pH 10 and 11; the resulting a curves were practically identical with 
the original forward titration curve. The influence of time of exposure to 
the intermediate pH values of 11.4 and 11.8 was also tested. Aliquots of 
each sample were neutralized immediately and after 18 hours; titrations 
with alkali were carried out immediately after neutralization. In both 
cases the a curves for the short and long exposures were practically the 
same. This is shown in Fig. 3 for the experiment at pH 11.8. The ex- 
posure to pH 11.4 resulted in an a curve with a mid-point of 11.6. 

Thus, exposure of the DNA to pH values of 11 or lower, 11.4, 11.8, and 
12.4 results in a curves with mid-points of pH 11.85, 11.6, 11.4, and 10.9. 
These curves also show decreased steepness and asymmetry the higher the 
pH of the exposure. It, therefore, appears that the degree of unblocking 
of the enolic hydroxyl groups by alkali is related only to the pH and not 
to the time of exposure. The problem of whether the titration curves 
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obtained after exposure to the intermediate pH values reflect a partial and 
equal unfolding of all the nucleic acid micelles, or an all or none process 
involving only a portion of them, is being investigated. The latter alter- 
native suggests a heterogeneity based on different degrees of susceptibility 
of the micelles to alkali. 

The influence of exposure to pH 2 is shown in Fig. 4; comparison of 
Curves 2 and 4 indicates that the effect of acid is progressive. 

The effect of treatment both with acid at pH 2 and with alkali at pH 
12.4 was also tested. Curves for the titration of this material in water 
(Curve 5, Fig. 4) and in M NaCl (Curve 4, Fig. 2) are given. The data 
in each case very closely correspond to a 2 equivalent curve with pK’, 
values of 10.0 and 11.0 in water and 9.8 and 10.8 in salt. These curves 
are more displaced from the original forward titration, less steep, and 





+. 10 











Fig. 3. Effect of exposure to pH 11.4 and 11.8 on forward titration curve of nucleic 
acid. Curves 1 and 4, original forward and back-titration curves drawn from Fig. 1. 
Curve 3, O, 10 minutes exposure to pH 11.8; @, 18 hours exposure to pH 11.8. Curve 
2, titration after exposure to pH 11.4. All data at 230 mu. 


more symmetrical than those obtained after treatment with either acid 
or alkali alone. Overend and Peacocke (5), on the basis of their electro- 
metric titration studies of DNA, have suggested that there are three types 
of hydrogen bonds involving the titratable groups, some of which are 
broken by acid, some by alkali, and some by both. Treatment with either 
acid or alkali alone would in such a case cause only a partial unfolding of 
the nucleic acid micelles. The additive effect of acid and alkali that was 
shown by the spectrophotometric titrations tends to support this sug- 
gestion. 

Taylor, Greenstein, and Hollaender (16) have noted that DNA dried in 
a desiccator over P.O; yielded solutions of lower pH and viscosity than 
air-dried material. Zamenhof and Chargaff (6) have reported on the drop 
of viscosity caused by heating a solution of DNA to 86°. Cosgrove and 
Jordan (4) have stated in a note that heat treatment of DNA yields a 
product with an electrometric titration curve that resembles a back-titra- 
tion curve. We have likewise found that heating causes the spectrophoto- 
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metric titration curve to approach the back-titration curve. When DNA th 
(about 0.05 mg. per ml.) was heated to 85° in 0.02 m sodium citrate buffer om 
at pH 7.3, the spectrum changed within a few minutes from Curve A 3 
(Fig. 5) to Curve B; no further spectral change occurred during 4 more 
hours of heating. On addition of alkali to pH 12.3 (to the heated and ” 
cooled solution), Curve C was found and on reneutralization a spectrum eu 
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Fia. 4. Effect of various pretreatments on spectrophotometric titration of nucleic 
acid on addition of alkali to the neutral solutions. All data at 230 mu. Curves 1 
and 8, original forward and back-titrations drawn from Fig. 1. Curve 2, 10 minutes 
exposure to pH 2; Curve 4, 18 hours exposure to pH 2. Curve 5, titration of sample 
exposed to both acid and alkali, is theoretical for 2 equivalents with pK’, values of | 
10.0 and 11.0. 5 C! 

Fic. 5. Spectrophotometric titrations of heated nucleic acid. Inset, ultraviolet 

absorption curves. Curve A, DNA in 0.02 M citrate buffer; Curve B, spectrum after 
heating for 30 minutes at 85° in citrate buffer at pH 7.3; Curve C, heated solution 
brought to pH 12.3; on reneutralizing from pH 12.3 the absorption curve represented 
by the open circles is obtained. D, optical density calculated for solutions 4 mm 
in nucleic acid phosphorus in a 1 cm. cuvette. Main figure, Curves 1 and 3, original 
forward and back-titration curves drawn from Fig. 1. Forward titration of DNA 
heated 30 minutes in citrate buffer given by A for data at 230 my, and by X for data 
at 260 mp. Curve 2, spectrophotometric titration of nucleic acid dried 1 day at 110° 
in a vacuum over P,O;; @, same material dried for 4 days. 


oe 


indicated by the circles. The spectral changes depicted by Curves A, B, 
and C are very close to those represented by Curves B, C, and E of Fig. 
1. The spectrophotometric titration curves obtained when alkali is added 
to the heated DNA are shown for data at 230 and 260 my; the subsequent 
back-titration curve is practically the same. 

Shown also in Fig. 5 are data obtained with DNA dried for 1 and 4 
days in a vacuum over P;O; at 110°; the 4 day curve is seen to be close to 
the back-titration curve. That such heating and drying cause consider- 
able degradation of the DNA is indicated by the fact that not only were 
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the viscosities very low after 4 days of heating but that the extinction 
coefficient at 260 my was only 21.6 (per 4 mn of P per liter) and that about 
30 per cent of the material passed through a cellophane membrane. 
Spectrophotometric Titrations of Nucleohistone—The application of the 
method to nucleohistone depends on the fact that the change of absorp- 
tion of typical proteins between pH 7 and 12 is small at 230 and 270 mu 
compared to that of nucleic acid. Consequently, data at these wave- 
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Fig. 6. Spectrophotometric titrations of nucleohistone in molal NaCl. Curve 1, 
neutrality to pH 12.4; O, at 230 my; X, at 270 mp. Curve 2, back-titration from pH 
12.4 to neutrality; @, at 230 my; +, at 270 my. Curve 3, theoretical for 2 equiva- 
lents if both groups have pK’, 10.15. 

Fie. 7. Spectrophotometric titrations of nucleohistone in water. Inset, ultra- 
violet absorption curves of nucleohistone; Curve A, at neutrality; Curve B, at pH 
12.3; Curve C, reneutralized from pH 12.3. D, optical density calculated for solu- 
tions 4 mM in nucleic acid phosphorus in a 1 cm. cuvette. Main figure, spectro- 
photometric titrations. Curve 1, forward titration; Curve 2, back-titration from 
pH 12.4 to neutrality. O and @, data for dialyzed sample at 230 my; A and A, 
at 270 mu. X, data for thread sample at 230 my (see the text). Curve 2 is theoreti- 
cal for 2 equivalents with pK’, values of 9.9 and 10.9. 


lengths should yield the spectrophotometric titration curves of the nucleic 
acid component. This has been confirmed by (1) titrations of mixtures of 
DNA and bovine serum albumin from pH 7 to 12.3 and back to pH 7, and 
(2) similiar titrations of mixtures of alkali-treated DNA and serum al- 
bumin. The spectrophotometric titration curves of nucleohistone are 
based on the changes of spectra shown in inset of Fig. 7. 

Fig. 6 shows the spectrophotometric titrations of nucleohistone dis- 
solved in m NaCl; the distinction between forward and back-titrations is 
evident. The curves are almost superimposable on the analogous curves 
of Fig. 2 for nucleic acid in mM NaCl except for a shift of about 0.2 pH unit. 

In Fig. 7 are given the spectrophotometric titration curves of nucleo- 
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histone at very low salt concentration. Nucleohistone in m NaCl was 
freed of salt in two ways: (1) by dialysis against water, and (2) by pouring 
the solution into 20 volumes of water, removing the thread, and dissolving 
it in 50 to 100 volumes of water. As shown in Fig. 7, no difference in 
titration behavior was found between the two preparations. A distinc- 
tion is again seen between forward and back-titration curves. However, 
the forward curve at low salt concentration is much steeper than in M 
salt. This difference is reversible, since, on addition of enough NaCl to 
the aqueous solution to make the concentration 1 M, a curve identical to 
Curve 1 of Fig. 6 was obtained. Considerable evidence (9, 10, 17, 18) 
indicates that nucleic acid and histone are largely dissociated in mM NaCl 
and associated in water. The increased slope of the curve at low salt 
concentration may possibly be due to additional blocking of the enolic 
hydroxyl groups of the DNA by the histone component. 

These spectrophotometric titrations with nucleohistone indicate that 
the initial blocking of the enolic groups through hydrogen bonding occurs 
in the nucleic acid component of the nucleohistone as well as in the sepa- 
rated nucleic acid. 


DISCUSSION 


Gulland et al. (2) have suggested that hydrogen bonds between the 
amino and enolic groups play a major réle in the maintenance of the 
macromolecular structure of desoxypentose nucleic acid. The breaking 
of these bonds is accompanied by a lowering of the viscosity (13), drop in 
particle size, and loss of homogeneity (19). It is not yet certain, how- 
ever, what proportion of the groups is initially blocked by such bonding 
and whether there are differences in bonding among the different purine 
and pyrimidine residues. The forward and back-titration curves overlap 
in the case of calf thymus DNA, and since the maximum difference be- 
tween them at a given pH corresponds to about 1 enolic hydroxyl per 4 
atoms of phosphorus, it is possible that only half of the enolic groups is 
blocked in the original DNA. 

The close correspondence of the electrometric and spectrophotometric 
titration curves indicates that for calf thymus DNA the ionization of the 
two classes of enolic groups, those of guanine and thymine, makes an ap- 
proximately equal contribution to the spectral change both in the region 
of the maximum and the minimum of absorption. Chargaff et al. (20-22) 
have found that, although the ratio of guanine to thymine is close to 1 for 
calf thymus DNA, this ratio is considerably different for certain other 
DNA preparations. A comparison of electrometric and spectrophoto- 
metric titration data obtained with a variety of nucleic acids of different 
composition may perhaps contribute further information concerning the 
extent of hydrogen bonding and the nature of the residues involved. 
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The question arises as to whether the abnormally steep, asymmetrical, 
and displaced forward titration curve of the original DNA is uniquely 
characteristic of the native state of DNA. Gulland et al. (2) reported 
that, although the viscosity of DNA that was exposed to either acid or 
alkali and reneutralized rises on standing to values as high as that of the 
original material, the titration curves remained identical with the back- 
titration of the original DNA. We have carried out similar studies with 
respect to the spectrophotometric titration curves. Samples of acid- 
and alkali-treated DNA were allowed to stand at pH 7 for periods up to 
several days; the spectrophotometric titration curves were in every case 
practically the same as those found on immediate titration. These re- 
sults provide additional evidence to that previously presented (2, 6) that 
once the DNA is degraded it cannot be reconstituted, at least by any 
procedures yet tried. Taken together with the studies on nucleohistone, 
these results also strongly indicate that the initial type of spectrophoto- 
metric titration curve is a unique characteristic of the native state of 
desoxypentose nucleic acid. 


SUMMARY 


An investigation was made of the variation with pH, over the range 
pH 7 to 12.5, of the ultraviolet absorption of highly polymerized calf 
thymus desoxypentose nucleic acid and of the same material after it was 
exposed to acid, to alkali, or to heat. The results have been presented as 
spectrophotometric titration curves which were defined as the curves re- 
lating the change of absorption of the nucleate as acid or alkali was added 
to the pH of the solution. 

The spectrophotometric titration curve which is obtained on addition 
of alkali to an aqueous solution of the original nucleate is abnormally 
steep and asymmetrical, with a mid-point at pH 11.85. On back-titration 
from pH 12.4 a different and reversible curve is found which has a mid- 
point at pH 10.9 and is much less steep and asymmetrical. A similar 
shift of the spectrophotometric titration curve is also caused by exposure 
of the nucleate to acid or heat. 

The characteristic differences between the spectrophotometric titration 
curves of the original and treated samples of nucleate were shown to be 
analogous to those previously reported for electrometric titration curves 
of desoxypentose nucleates, the so called anomalous titration. They 
provide additional criteria for recognition and characterization of the 
native state of the nucleate and for following the degradation of the orig- 
inal hydrogen-bonded macromolecular structure by such agents as acid, 
alkali, or heat. 

Similar spectrophotometric studies with calf thymus nucleohistone have 
shown that the anomalous titration behavior is also a property of the 
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nucleic acid component of the nucleoprotein before deproteinization and 
precipitation of the nucleic acid. 
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(From the Division of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, January 3, 1952) 


Investigations undertaken to elucidate the mechanism whereby con- 
centrates of the soy bean trypsin inhibitor depress growth have indicated 
that an inhibition of intestinal proteolysis is not the only factor involved 
(1-3). In a previous paper (4), it was shown that a concentrate of the 
soy bean trypsin inhibitor, which had been treated so as to destroy its 
antitryptic activity, still retained the ability to inhibit the growth of 
weanling rats when administered by intraperitoneal injection. Evidence 
was presented for the existence in such a concentrate of a heat-labile, 
non-dialyzable toxic principle which appeared to be different from the 
trypsin inhibitor. A high degree of purification of this toxic substance 
has now been achieved. During the course of its purification a loss in 
antitryptic activity and an increase in hemagglutinating activity have 
been observed. 


EXPERIMENTAL 


Purification—Fractional precipitation with (NH4).SO, at various pH 
values formed the basis of the purification procedure which is outlined in 
Diagram 1. Each fraction was dialyzed against distilled water at 4° for 
48 to 72 hours, and any insoluble material which precipitated during dial- 
ysis was centrifuged and discarded. The following determinations were 
then conducted on each fraction: N content, toxicity, antitryptic activity, 
hemagglutinating activity, and electrophoretic analysis. 

Toxicity—The progress of purification was established by the deter- 
mination of the LDs of the various fractions. Graded doses of the test 
solutions were injected intraperitoneally into young weanling rats in the 
manner previously described (4). The LD and its standard error were 
calculated by probit transformation of the per cent mortality at various 
doses according to the procedure of Miller and Tainter (5). A more con- 
venient method of expressing toxicity can be obtained by converting LD5o 
values (mg. of N per kilo of body weight) into toxic units. For this pur- 
pose, 1 toxic unit is arbitrarily defined as the number of mg. of N (per 


* Paper No. 2792, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. 
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kilo of body weight) which, when injected intraperitoneally into young 
rats weighing 55 to 65 gm., produced death in 50 per cent of the animals 


DIAGRAM 1 


Steps Involved in Purification of Soy Bean Toxin 


Suspend 100 gm. of defatted soy bean flour* in 1 liter H.O; adjust pH to 6.7; remove 
undissolved residue by centrifugation; adjust pH of supernatant to 4.2; centrifuge 








Residue Supernatant (Fraction I) 
Discard Add 350 gm. (NH,4)2SO, per liter; 
centrifuge 
e : 1 
Ppt. Supernatant 
Dissolve in HO and dialyze (Fraction II) Discard 


Adjust pH to 6.8 and volume to 150 ml. 
Add 37.5 gm. (NH,4)2SO,; centrifuge 





Ppt.f Supernatant 
Adjust pH to 4.6 and volume to 
200 ml.; add 12.5 gm. (NH,)2- 
SO,; centrifuge 





f 








Ppt. Supernatant 

Dissolve in H;O and dialyze (Fraction IIB) Add 10 gm. (NH,)2S0O,; centrifuge 
Ppt. Supernatant} 

er in H.O and dialyze (Fraction 

) 
Adjust pH to 5.0; add an equal volume of 
saturated (NH,)2SO, and centrifuge 

Ppt.t Supernatant 


Adjust pH to 6.1; add 4 volume 
saturated (NH,)2SO, and cen- 
trifuge 





cr ae 
Ppt. Supernatant 
Boy in H,O and dialyze (Fraction Discard 
*Nutrisoy XXX, Archer-Daniels-Midland Company, Minneapolis, Minnesota. 
According to the manufacturers, this product has been produced from hexane-ex- 
tracted soy beans and has been subjected to a minimum amount of heat treatment. 
+ These fractions were found to possess a low order of toxicity, and, in order to 
conserve space, have not been included in Table I. The toxicity, hemagglutinating 
potency, and electrophoretic data of these fractions, however, were considered in 
the statistical correlation discussed in the text. 


within 3 days. The reciprocal of the LDs thus becomes the number of 
toxic units per mg. of N injected. 

Nitrogen—The micro-Kjeldahl method of Lanni et al. (6) was employed 
for the determination of N in each fraction. 

Antitryptic Activity—The trypsin inhibitor activity of each fraction 
was evaluated according to the procedure of Borchers et al. (7). 





XUM 


1g 
ls 


ve 
ge 


me 
n- 


ed 


on 





XUM 


I. E. LIENER AND M. J. PALLANSCH 31 


Hemagglutinating Activity—1 part of a suitable dilution of each frac- 
tion was added to an equal part of 1.8 per cent NaCl solution. Sub- 
sequent dilutions were made as described by Kabat and Mayer (8) for 
the test-tube agglutination technique. The hemagglutinating potency 
was measured as the minimum quantity of N giving definite macroscopic 
evidence of agglutination of 0.2 ml. of a 4 per cent suspension of washed 
rabbit erythrocytes.!_ All tests were carried out in a volume of 0.7 ml. 
and read after incubation at 37° for 4 hours, followed by storage at 4° 
for 12 to 18 hours. 

Electrophoretic Studies—The protein fractions were dialyzed at 4° 
against several changes of buffer for 36 to 48 hours. Phosphate buffers 
giving the desired ionic strength and pH were prepared according to Green 
(9). Electrophoretic analyses were conducted at 4° in a standard Klett 
apparatus of Longsworth’s design (10). Electrophoretic patterns were 
recorded photographically by the scanning technique. The photographs 
were projected onto graph paper with enlargement, traced manually, and 
resolved into their component peaks according to the method of Tiselius 
and Kabat (11). The areas under the peaks in the pattern of the descend- 
ing boundary were measured with a planimeter, and the relative concen- 
tration of the peak, subsequently identified as the toxic component, was 
calculated, assuming the same specific refractive index for all proteins 
present.” 


Results 


A summary of the data pertaining to various fractions isolated during 
the course of the purification is presented in Table I. Several electro- 
phoretic patterns which illustrate the progressive increase in homogeneity 
that was achieved are shown in Fig. 1. From the pattern of the most 
toxic fraction (IIC-2) it is evident that the peak designated as 7’ in Fig. 1 
most likely represents the protein fraction responsible for toxicity. This 
fact is borne out by the high degree of correlation (r) that is obtained be- 
tween the toxicity of each fraction and the concentration of the 7 com- 
ponent as measured from the electrophoretic patterns (r = +0.98, P 


1 Rabbit erythrocytes proved to be the most sensitive in the agglutination test. 
Rat erythrocytes could be agglutinated at very high concentrations of the various 
soy bean fractions, while red blood cells from sheep and calves were completely re- 
fractory to agglutination. 

2 No allowance was made for the area of the e boundary, which was occasionally 
obscured by a component migrating in a direction opposite to that of the toxic com- 
ponent. Consequently, the figures given for the concentration of the toxic com- 
ponent in Table I should be increased by an estimated factor of 2 to 4 per cent. On 
this basis the most homogeneous fraction obtained (Fraction IIC-2) has a minimum 
purity of 95 per cent. 
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< 0.001). The toxic component had an average mobility of 1.16 * 10-5 
sq. cm. per volt-second in a buffer of 0.10 ionic strength and pH 6.4. In- 
sufficient quantities of Fraction IIC-2 prevented a complete study of the 
relationship between pH and mobility. However, since no measurable 
movement of the peak associated with the toxic component was observed 
after 10,000 seconds in a buffer of pH 6.1, its isoelectric pH must be ap- 
proximately 6.0 to 6.2. 


TABLE [| 


Properties of Fractions Derived from Defatted Soy Bean Flour by Fractional 
Precipitation with (NH 4)2SO.4 








Fraction | Fraction | Fraction | Fraction | Fraction 
I II IIB TIC IIC-2 
Yield, mg. N per 100 gm. defatted soy 
RO ONT 6). oP GR 820 220 27 13 7 
Toxicity data 
PHO OE SACS TBO ooo. esoscsote ose sinsierecne 25 37 25 34 17 
LDso, mg. N per kilo body weight 
+ standard error.................. 89.5*| 27.0 12.8 9.6 8.1 
42.7 | +2.4) 42.2} +1.0/] +1.3 
Toxic units per mg. N X 107'f...... 11.3 36.8 78.0 | 104.5} 122.5 
Total No. of toxic units X 1073...... 9200 8100 2100 1360 860 
Antitryptic activity 
Inhibitor units per mg. N X 107%....| 29.4 10.8 33.4 4.6 0.2 
Hemagglutinating titer, y Nf.......... 11.6 2.3 4.2 2.0 1.4 
Concentration of toxic component, %§.| 10 24 53 66 93 




















* It was necessary to lyophilize this fraction in order to obtain concentrations 
sufficiently great to establish an LDyo. 

t See the text for definition of the toxic unit. 

t Highest dilution giving definite agglutination. 

§ Ratio of area of toxic component (T in Fig. 1) to total area X 100. See also 
foot-note 2. 


Although the most toxic fraction isolated (Fraction IIC-2) was only 
10 times more toxic than the crudest fraction studied (Fraction I), the 
high degree of purity of the former, as revealed by its electrophoretic 
pattern’ (about 95 per cent, see Table I and foot-note 2), indicates that 
nearly the maximum degree of purification has been attained. Attempts 
to crystallize the toxic component of Fraction IIC-2 have thus far not been 
successful. 

Progressive purification of the toxic component was generally accom- 
panied by a corresponding increase in hemagglutinating activity. This 


3’ Caution regarding the interpretation of electrophoretic homogeneity as a cri- 
terion of protein purity has recently been stressed by Hess (12) and is implied herein. 
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would indicate a rather close relationship between the principle respon- 
sible for toxicity and the factor involved in hemagglutination."¢ However, 
the correlation between hemagglutinating titer and toxicity, r = —0.69 
(P > 0.05), or between hemagglutinating titer and the concentration of 


} 


Ty, ote 
Ne ate 











Ike. I} 





Fig. 1. Typical electrophoretic patterns showing the progressive purification of 
toxic component 7’. The upper curve in each plate is the ascending boundary moving 
from right to left, and the lower curve is the descending boundary moving from left 
to right. Plate 1, Fraction I in 2 ml. micro cell, phosphate buffer at pH 6.4, ionic 
strength 0.10, for 8700 seconds at 3.91 volts per cm. Plate 2, Fraction II in 11 ml. 
cell, phosphate buffer at pH 6.8, ionic strength 0.10, for 10,000 seconds at 5.91 volts 
perem. Plate 3, Fraction IIC in 2 ml. micro cell, phosphate buffer at pH 6.4, ionic 
strength 0.10, for 11,000 seconds at 3.91 volts per cm. Plate 4, Fraction IIC-2 in 
2 ml. micro cell, phosphate buffer at pH 6.4, ionic strength 0.10, for 16,140 seconds at 
3.91 volts per cm. 


component T, r = —0.63 (P > 0.05), does not appear to be statistically 
significant. Failure to establish statistical significance may have been 
due to the limited number of pairs involved in the calculations. 

Antitryptic activity was in no way related to toxicity. A gradual loss 
in antitryptic activity was in fact observed as more complete separation 
of the toxic component was effected. The bulk of the antitryptic activity 
was eliminated in Fraction IIB. 
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Since the soy bean is known to be a good source of urease and lipoxi- 
dase, there remained the possibility that the toxicity observed here may 
have been due to the action of these enzymes if present in the fractions 
studied. This is particularly true of urease, which has been found to be 
toxic when injected into animals (13). Similar experiments with lipoxi- 
dase have not come to our attention. With the method of Sumner (14) 
no urease activity could be detected in the most toxic fraction (IIC-2). 
When Fraction IIC was tested for lipoxidase activity by the method of 
Bergstr6m and Holman (15), it was found that the lipoxidase activity 
was equivalent to a concentration of 0.4 per cent of the protein.‘ Al- 
though the toxicity of lipoxidase is not known, it appears unlikely that 
such a small quantity of this enzyme would account for the toxicity ob- 
served for this fraction. 

Borchers and Ackerson (16) have recently reported that a non-prote- 
olytic, dialyzable fraction of commercial trypsin counteracts a soy bean 
growth inhibitor in unheated soy beans. Preliminary experiments were 
therefore conducted in which the 60 per cent ethanol-soluble fraction of 
crude trypsin, prepared in the manner described by Borchers and Acker- 
son (16), was added to various dilutions of Fraction II and the LDs deter- 
mined in the usual manner. No significant difference from a control 
group not receiving the trypsin preparation was observed. A final de- 
cision regarding the identity of soy bean growth inhibitor and the factor 
reported here must await isolation of sufficient quantities of both sub- 
stances to permit a more thorough study of their properties. 


DISCUSSION 


It has been known for many years that certain highly toxic vegetable 
proteins such as ricin, crotin, and abrin possess the ability to agglutinate 
in vitro the red blood cells from various species of animals (17). Sub- 
sequent research has revealed that many of the more common legumes, 
including the soy bean, likewise possess hemagglutinating activity (18- 
24). Studies undertaken to ascertain the toxicity of hemagglutinins de- 
rived from various legumes (20, 22, 25-29) have yielded conflicting results, 
due in part, perhaps, to the crude preparations that were employed in 
most instances. Thus there remains considerable doubt concerning the 
extent to which these hemagglutinins may be responsible for the poor 
nutritive value (30-32) or, in some cases, the toxic effects (26, 33, 34) of 
raw legumes. 

The presence of antitryptic substances in raw legumes (35) and the 
demonstration of the growth-inhibiting properties of concentrates of the 


4 The authors are indebted to Dr. A. L. Tappel for the determination of lipoxidase 
activity. 
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trypsin inhibitor (3) have added further confusion to the picture. Bor- 
chers and Ackerson (32) and Jaffé (29), however, were unable to relate 
the poor nutritive value of various legumes to their antitryptic content. 

The results of our study establish that soy beans, in common with cer- 
tain other leguminous seeds, contain a toxic substance which will ag- 
glutinate red blood cells. Although the evidence presented would suggest 
that toxicity and hemagglutinating activity are closely associated with the 
same protein component, a statistically significant degree of correlation 
between toxicity and hemagglutinating activity was not obtained. In 
this respect, it is interesting to note that Kabat et al. (36) found that a 
fraction of ricin prepared by fractional precipitation with Na,SQO,, al- 


though electrophoretically homogeneous, was only two-thirds as toxic as” 


crystalline ricin, whereas the Na,SQ, precipitate had 10 times the hemag- 
glutinating potency of the crystalline material. If this lack of identity of 
the toxic component and the hemagglutinating principle is also true of 
other legumes, it is not surprising that a correlation between nutritive 
value or toxicity and hemagglutinating activity has not been observed 
for raw legumes (29). 

It is conceivable that the combined effects of the trypsin inhibitor and 
a toxic component are responsible for the failure of raw legumes to support 
the adequate growth of animals. Such a two-fold mechanism has al- 
ready been advanced as an explanation for the poor nutritive value of 
raw soy bean meal (3). The present demonstration of a toxic component 
in defatted soy bean flour, which is essentially devoid of antitryptic ac- 
tivity, lends further support to this hypothesis. Still lacking in the chain 
of evidence, however, is the demonstration that the purified toxic sub- 
stance will manifest a growth-retarding effect when fed to experimental 
animals. Thus far, the poor recovery of the toxic principle in the form of 
Fraction ITC-2 has limited the quantity of material available for feeding 
studies.5 Efforts are being made to improve the yield by suitable modifi- 
cations of the procedure described herein. 


SUMMARY 


The purification of a toxic substance from defatted soy bean flour has 
been accomplished by fractional precipitation with (N'H,4).SO.. Electro- 
phoretic measurements on the most toxic fraction obtained indicate an 
electrophoretic homogeneity of about 95 per cent. This fraction is vir- 
tually free of antitryptic activity and is characterized by marked hemag- 
glutinating action. The possible relationship of this toxic substance to 
the poor nutritive value of raw soy beans has been discussed. 

5 On the basis of the total number of toxic units shown in Table I it can be esti- 


mated that only 9 per cent of the toxic units present in the crude supernatant soluble 
at pH 4.2 (Fraction I) has been recovered in the form of Fraction IIC-2. 
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of the electrophoretic apparatus. 


iw) 


oO oe 


24. 
. Sjollema, B., Tijdschr. diergeneesk., 505 (1925); translated by Bass, E., Deut. 


26. 
27. 
28. 


2s 


32. 
33. 
34. 
. Borchers, R., Ackerson, C. W., and Kimmett, L., Arch. Biochem., 18, 291 (1947). 
36. 


BIBLIOGRAPHY 


. Desikachar, H. 8. R., and De, 8. S., Science, 106, 421 (1947). 
. Westfall, R. J., Bosshardt, D. K., and Barnes, R. H., Proc. Soc. Exp. Biol. and 


Med., 68, 498 (1948). 


. Liener, I. E., Deuel, H. J., Jr., and Fevold, H. L., J. Nutr., 39, 325 (1949). 

. Liener, I. E., J. Biol. Chem., 198, 183 (1951). 

. Miller, L. C., and Tainter, M. L., Proc. Soc. Exp. Biol. and Med., 57, 261 (1944). 
. Lanni, F., Dillon, M. L., and Beard, J. W., Proc. Soc. Exp. Biol. and Med., 74, 


4 (1950). 


. Borchers, R., Ackerson, C. W., and Sandstedt, R. M., Arch. Biochem., 12, 367 


(1947). 


. Kabat, E. A., and Mayer, M., Experimental immunochemistry, Springfield 


(1948). 


. Green, A. A., J. Am. Chem. Soc., 55, 2331 (1933). 

. Longsworth, L. C., J. Am. Chem. Soc., 61, 529 (1939). 

. Tiselius, A., and Kabat, E. A., J. Exp. Med., 69, 119 (1939). 

. Hess, E. L., Science, 118, 709 (1951). 

. Tauber, H., and Kleiner, I. 8., J. Biol. Chem., 92, 177 (1931). 

. Sumner, J. B., J. Biol. Chem., 69, 435 (1926). 

. Bergstrém, 8., and Holman, R. T., Advances in Enzymol., 8, 444 (1948). 

. Borchers, R., and Ackerson, C. W., Proc. Soc. Exp. Biol. and Med., 78, 81 (1951). 
. Osborne, T. B., The vegetable proteins, Monographs on biochemistry, London 


and New York (1909). 


. Landsteiner, K., and Raubitschek, H., Centr. Bakt., 1. Abt., Orig., 45, 660 (1907). 
. Mendel, L. B., Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 6, p. xix (1909). 

. Wienhaus, O., Biochem. Z., 18, 228 (1909). 

. Schneider, E. C., J. Biol. Chem., 11, 47 (1911). 

. Goddard, V. R., and Mendel, L. B., J. Biol. Chem., 82, 447 (1929). 

. de Souza, A. H., Bol. ministério agr., Brazil, 38, 15 (1944); Chem. Abstr., 40, 5107 


(1946). 
Boyd, W. C., and Reguera, R. M., J. Immunol., 62, 333 (1949). 


tierdrztl. Wochschr., 38, 470 (1925). 
Liining, O., and Bartels, W., Z. Untersuch. Lebensmittel, 51, 220 (1926). 
Sumner, J. B., and Howell, 8. F., J. Bact., 32, 227 (1936). 
de Souza, A. H.,. Bol. divulgascao inst. éleos, 2, 47 (1944); Chem. Abstr., 40, 3531 
(1946). 


. Jaffé, W. G., Acta cient. Venezolana, 1, 62 (1950). 
. Everson, G., and Heckert, A., J. Am. Dietet. Assn., 20, 81 (1944). 
. Russell, W. C., Taylor, M. W., Mehrof, T. G., and Hirsch, R. R., J. Nutr., 32, 


313 (1946). 
Borchers, R., and Ackerson, C. W., J. Nutr., 41, 339 (1950). 
Jaffé, W. G., Experientia, 5, 81 (1949). 
Jaffé, W. G., Acta cient. Venezolana, 1, 16 (1950). 


Kabat, E. A., Heidelberger, M., and Bezer, A. E., J. Biol. Chem., 168, 629 (1947). 





XUM 


Pome eh rts >} 


Cn. ce ae ee. SS. lO eS 


on 


M. 
use 


and 


14), 
74, 


367 


eld 


1). 
Jon 


7). 


107 


eut. 


32, 





XUM 


A COMPARISON OF THE EFFECTS OF 6-FORMYLPTERIDINE 
ON CHICK LIVER XANTHINE OXIDASE ACTIVITY 
IN VIVO AND IN VITRO* 


By L. 8. DIETRICH, W. J. MONSON, J. N. WILLIAMS, Jr., anp 
C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, February 18, 1952) 


In 1948 Kalckar, Klenow, and Kjeldgaard (1, 2) demonstrated the in- 
hibitory effect of folic acid on cream xanthopterin oxidase and liver xan- 
thine oxidase. Even highly purified folic acid was found to give this effect 
(2,3). In in vivo studies Keith et al. (4) observed that chick liver xanthine 
oxidase activity was strongly depressed as the folic acid concentration was 
increased in the diet. Lowry et al. (5) demonstrated that 2-amino-4- 
hydroxy-6-formylpteridine (6-formylpteridine), the primary photolytic 
product of ultraviolet irradiation of folic acid, was a remarkably effective 
inhibitor of cream xanthopterin oxidase in vitro. It had been proposed 
(6, 7) that 6-formylpteridine may be biologically active in controlling the 
oxidation of xanthine and hypoxanthine in vivo. Such a mechanism would 
explain the depressant effect of dietary folic acid on chick liver xanthine 
oxidase activity (4, 8), since 6-formylpteridine is generally a contaminant 
of folic acid preparations. However, the observations reported in this 
paper are not in agreement with these views. Our present results are more 
compatible with the suggestion made recently by Remy and Westerfeld 
(9); namely, that a folic acid deficiency may give an abnormally high 
xanthine oxidase activity rather than that dietary folic acid depresses the 
normal activity of the enzyme. 


EXPERIMENTAL AND RESULTS 


Straight run (New Hampshire o'o" X Q Q single comb white Leghorn) 
cross-bred chicks, the progeny of hens fed Diet B-1 (10), were used in all 
studies. The chicks were housed in electrically heated batteries with raised 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by funds from Swift and Company, Chicago, 
Illinois, and from the Research Committee of the Graduate School from funds sup- 
plied by the Wisconsin Alumni Research Foundation. We are indebted to Merck 
and Company, Inc., Rahway, New Jersey, for some of the crystalline vitamins. The 
authors wish to express their gratitude to Dr. J. C. Van Meter of the Lederle Labo- 
ratories Division, American Cyanamid Company, Pearl River, New York, for a very 
generous sample of synthetic 2-amino-4-hydroxy-6-formyl]pteridine. 
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screen floors. Food and water were supplied ad libitum. The chicks were 
wing-banded and weighed at 1 day of age. Weights were recorded at 
weekly intervals. The experimental ration consisted of sucrose 61, alcohol- 
extracted casein 18, gelatin 10, Salts V (11) 6, soy bean oil 5, L-cystine 
0.3 per cent, and thiamine hydrochloride 0.3, riboflavin 0.6, nicotinic acid 
5.0, pyridoxine hydrochloride 0.4, calcium pantothenate 2.0, biotin 0.02, 
choline chloride 150, inositol 100, 2-methyl-l-naphthoquinone 0.05, and 
a-tocopherol 0.3 mg. per cent. Fortified haliver oil (60,000 U.S. P. units 
of vitamin A, 6000 A. O. A. C. units of vitamin D; per gm.) was given by 
dropper, 2 drops per bird per week. When fed, folic acid was incorporated 
into the ration at a level of 200 y per cent. When 6-formylpteridine was 
administered, it was injected into the pectoral muscle with a 1 ml. cali- 
brated syringe. In those groups receiving this substance, administration 


TasLe [ 
In Vitro Effect of 6-Formylpteridine on Chick Liver Xanthine Oxidase Activity 














Level of 6-formylpteridine added to each flask Uric acid formed per hr. per gm. fresh liver at 37°* 
y per ml. in flask mg. 
0 1.3 
0.4 0.6 
1.0 0.04 








* Each value is the average of two individual experiments. 


began on the Ist day and continued daily for the duration of the experi- 
ment. An experimental period of 4 weeks was employed. 

At the termination of the experimental period the birds were decapitated 
and bled. The livers were removed immediately, chilled in cracked ice, 
blotted free of moisture, and weighed. A portion of each liver was ho- 
mogenized in a Potter-Elvehjem homogenizer (12) with 5 volumes of ice- 
cold 0.039 m phosphate buffer (pH 7.4) and was strained through gauze. 
Xanthine oxidase activity was determined by the procedure of Keith et al. 
(4), modified by incubating the flasks for 1 hour at 37°. In the studies 
concerning the in vivo effects of 6-formylpteridine, normal birds fed a stock 
ration were employed. 

Our studies (Table I) concerning the in vitro effect of 6-formylpteridine 
on chick liver xanthine oxidase activity were in accord with those reported 
for cream xanthopterin oxidase and liver xanthine oxidase (2, 3, 5). The 
addition of 6-formylpteridine at a level of 0.4 y per ml. produced marked 
inhibition. The addition of 6-formylpteridine at a level of 1.0 y per ml. 
resulted in nearly complete inhibition. Thus, it may be concluded that 
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6-formylpteridine is an extremely effective inhibitor of chick liver xanthine 
oxidase when added in vitro. 

In the in vivo studies (Table II), folic acid-deficient chicks were found to 
have a much higher liver xanthine oxidase activity than chicks receiving 
ample folic acid. This is in accord with previous work (4,8). The admin- 
istration of 6-formylpteridine at a level of 30 y per day had no effect on 
the liver xanthine oxidase activity of chicks receiving ample folic acid. 
This level of 6-formylpteridine is at least as high as the amount of dietary 
folic acid consumed and assimilated each day. The administration of 20 


TaBLeE II 


In Vivo Effect of 6-Formylpteridine on Weight of Chicks and on Xanthine Oxidase 
Activity of Chick Liver 














Dietary reximen "eae 
gm. mg. 
Normal control ration 242 (12)t 2.4+ 0.4f 
ch a «¢ + 6-formylpteridine 252 (11) 2.4+0.3 
(30 y per day injected) | 
Folie acid-deficient ration | 101 (11) 4.9 (4.3, 5.5)§ 
J, . ‘¢ + 6-formylpteri- 81 (8) 3.8 + 0.6 
dine (20 y per day injected) 
Folic acid-deficient ration + 6-formylpteri- 106 (7) 5.9+1.1 
dine (80 y per day injected) 





* The values are averages of five observations per group, except for the folie acid- 
deficient group receiving no 6-formylpteridine when two comparable birds were used. 

+ The figures in parentheses represent the number of birds surviving at the end 
of the feeding tests. 

t Standard error of the means. 

§ Individual values. 


and 30 y of 6-formylpteridine per day to folic acid-deficient birds produced 
no appreciable change in the liver xanthine oxidase activity. Further- 
more, all the values obtained at the 20 and 30 ¥ level of 6-formylpteridine 
were within the expected range for folic acid-deficient chicks (8). 

The administration of 6-formylpteridine by injection in amounts as high 
as 30 y per day failed to influence the rate of growth of folic acid-deficient 
chicks. On the basis of the growth data, it may be assumed that, under 
the conditions of the experiment, 6-formylpteridine does not act as a pre- 
cursor of folic acid in the chick. This assumption was borne out by micro- 
biological analyses of the livers of the various groups for folic acid, in that 
the administration of 6-formylpteridine by injection had no effect on the 
concentration of folic acid in the liver tissues (unpublished data). 
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It is clearly shown that the administration of 6-formylpteridine, at levels 
at least equal to the folic acid intake in birds receiving ample folic acid and 
at concentrations far in excess of this in folic acid-deficient chicks, failed 
to alter the liver xanthine oxidase activity. Since the amount of 6-formy]- 
pteridine received under these conditions is far greater than that possibly 
obtained under normal conditions, it must be concluded that, although 
6-formylpteridine is a potent inhibitor of chick liver xanthine oxidase in 
vitro, the biological mechanism whereby folic acid lowers chick liver xan- 
thine oxidase activity is not via the 6-formylpteridine present in or pro- 
duced from dietary folic acid. 


SUMMARY 


1. The daily administration of 30 y of 6-formylpteridine by injection 
failed to affect the xanthine oxidase activity in livers of chicks receiving 
ample folic acid. 

2. The daily administration of 20 or 30 y of 6-formylpteridine by injec- 
tion did not alter the high xanthine oxidase activity in the livers of folic 
acid-deficient chicks. 

3. In vitro studies demonstrated that 6-formylpteridine is a potent in- 
hibitor of chick liver xanthine oxidase when added in vitro. 

4, The observed discrepancy between the in vivo and the in vitro effect 
of 6-formylpteridine on chick liver xanthine oxidase activity has been 
discussed. 
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CYPRIDINA LUCIFERIN. PARTITION 
CHROMATOGRAPHY* 


By H. S. MASON anp E. F. DAVIS 


(From the Department of Biology, Princeton University, Princeton, New Jersey) 


(Received for publication, November 21, 1951) 


An enzyme-substrate system in the marine ostracod crustacean, Cypri- 
dina hilgendorfi, emits blue light in the presence of oxygen (1). The struc- 
ture of the substrate, Cypridina luciferin, is unknown. Although it occurs 
in traces and is extremely oxygen-sensitive, amounts in the order of micro- 
grams have been obtained in a relatively pure state (2) and some of its 
properties have been reported (3). On this basis, several structural hy- 
potheses have been proposed. The purpose of the present study has been 
to determine the homogeneity of purified Cypridina luciferin and to test 
the suggested structures by means of partition chromatography and its 
auxiliary techniques. 


EXPERIMENTAL 


Preparation of Luciferin Concentrates—Desiccated Cypridina was made 
available through the kindness of Professor T. Haneda, Zushi, Japan, and 
Professor E. N. Harvey, Princeton University. After being powdered in a 
dry ball mill, the crude material was extracted with benzene for 48 hours, 
then dried in vacuo. Batches of 40 gm. were extracted with ethanol at a 
pressure of 80 mm. of catalytically purified, oxygen-free hydrogen in a 


Barthel extractor modified to accept a large Soxhlet thimble in place of 
| the suggested glass cup (4). The Cypridina powder was stripped of lucif- 


erin activity in 36 to 48 hours. Much less solid, consisting almost entirely 
of a mixture of amino acids, separated upon removal of solvent in vacuo 
than formed under the conditions originally described (2). The resin re- 
maining was dissolved in cold 0.5 N HCl under hydrogen. The process was 
completed with two cycles of butanol extraction, benzoylation, and hydrol- 
ysis (2), and 2 to 6 mg. of luciferin were obtained. No direct contact of 
luciferin-containing solutions with oxygen was permitted during the purifi- 
cation. Reaction and storage vessels were of a design which permitted 
luciferin solutions to be maintained under hydrogen. Glass and lead con- 
nections were used throughout to prevent diffusion of oxygen into the 
system. 

Properties of Concentrate—The luminescent activity of luciferin was es- 


* This study was supported by the Research Corporation, New York, and by funds 
of the Eugene Higgins Trust allocated to Princeton University. 
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timated by the photoelectric procedure of Anderson (5) as modified by 
Chase (6). The preparation employed in this study corresponded in lumi- 
nescent power to the most active reported by Anderson (2) and by Chase 
and Brigham (7). It had the absorption spectrum observed by Chase and 
Brigham (7). Repeated attempts at crystallization failed; upon evapora- 
tion in vacuo, orange films were obtained and lyophilization from solid 
butanol-benzene mixtures yielded light brown hygroscopic powders. No 
active material sublimed at 180° and 0.05 mm. pressure, and luciferin was 
recovered. It was stable to boiling with 0.5 n HCl or 1.0 n NaOH for 1 
hour, provided an atmosphere of hydrogen was maintained over the solu- 
tion. [site did not fluoresce in butanol or neutral or acid aqueous 
solutiom,. but gave moderate green-yellow fluorescence in concentrated am- 
monium hydroxide. } 
Chromatography—The ascending technique of Williams and Kirby (8) 
was modified so that the vapor phase consisted of hydrogen saturated with 
the vapor of the developing solvent. Butanol solutions of luciferin were 
applied to Whatman No. 1 paper and dried quickly in a stream of nitrogen 
to give spots or stripes containing 100 y of substance per sq. cm. The 
developed chromatograms were dried in vacuo and stored in hydrogen. 


Luciferin was located by the light emitted when chromatographic strips | 
were moistened with luciferase solution. For record, strips were fastened | 
over film (Eastman Kodak Company, Super XX) before treatment with | 


enzyme. Light intensity was sufficient to affect the emulsion. 


Results 


The developing solvents ethanol, propanol, butanol, 1 per cent acetic 
acid or 1 per cent pyridine in butanol separated both crude extract and 
the purified concentrate into two luciferin bands, each luminescent in the 
presence of enzyme (0.01 y).! a-Luciferin was characterized by the follow- 
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ing Rr values: 0 (chloroform), 0 (butanol), and 0.8 (water-saturated bu- — 


tanol); 8-luciferin by 0.25 (chloroform), 0.55 (butanol), and 0.8 (aqueous 
butanol). Both bands were yellow and absorbed ultraviolet light accord- 
ing to the Markham and Smith technique (9) but did not fluoresce. 

a- and #-luciferin bound iodine in metastable complexes from which ac- 


tive material was recovered (20 y) (10). The luciferins reduced ferricya- | 


nide (ferric chloride indicator) (2 y) but were destroyed in the process (11). 
The following were negative and did not interfere with subsequent activity 
toward luciferase: the ninhydrin test (5 y) (12), the test for the presence of 


acidic groups (20 y) (13), of carbonyl groups with phenylhydrazine and | 


1 Parenthetical values give approximate sensitivities in terms of micrograms per 
sq. cm. required for detection of luciferin or representative substrates for the tests in 
question. 
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2,4-dinitrophenylhydrazine (25 y), and the test for the presence of phenolic 
groups with Pauly’s reagent (5 y) (14). On the other hand, the following 
were negative and interfered with luciferin activity toward luciferase: the 
test for the presence of phosphate esters (5 y) (15), the ferric chloride test 
for phenols (5 to 100 y), and the ammoniacal silver nitrate test for reducing 
substances (5 y) (14). Nitrous acid caused the disappearance of the yellow 
color but no diazonium salt could be detected during the process by at- 
tempted couplings with a-naphthol (10 7). Nitrite ion, however, had no 
effect. Alkaline nitroprusside failed to indicate the presence of thiol groups 
(10 ). 

The chromatography did not indicate any impurities in the concentrate 
by ordinary or ultraviolet light, or by any of the tests listed above. In 
less highly purified preparations, however, such as extract obtained by one 
cycle, a variety of commonly occurring substances was detected. These 
included phenolic compounds, phosphate esters, and amino acids. Since, 
on one-dimensional chromatography, solvents were found which gave a 
good separation of a- and #-luciferin from each other and from all other 
concomitants, an attempt was made to utilize the Mitchell-Haskins chro- 
matopile (16) for purification. Excellent separations were achieved by 
this technique, but, due to the extreme sensitivity of the luciferins toward 
oxygen, the efficiency of the method was much lower than that of Ander- 
son’s procedure. 

Diisopropyl fluorophosphate had no measurable specific effect upon the 
intensity or duration of light emission from the luciferin-luciferase system 
at the concentrations at which specific effects are exhibited (10-* m). The 
ascorbate ion protected solutions of luciferin from autoxidation but had no 
observable influence on the activity of the enzyme-substrate system. 


DISCUSSION 


The various hypotheses ascribing structures to luciferin have been re- 
viewed elsewhere (3). For the purpose of analyzing the above data, it will 
be sufficient to recall that luciferin has been considered to be a polyhy- 
droxybenzene derivative (11, 17), a hydroquinonehydroxymethyl ketone 
(18), a compound closely related to 1,4-dihydroxynaphthyl-2-hydroxy- 
methyl ketone (19) although not 1,4-dihydroxynaphthyl-2-hydroxymethy] 
ketone itself (20). The presence of labile phosphate groups in luciferin has 
been suggested (21) and it has been proposed that the luminescent system 
may be a pyridine nucleotide plus flavoprotein (22). 

It has not been possible in this study to find evidence confirming any of 
these hypotheses. a-Luciferin and @-luciferin, present in roughly equal 
concentrations on the basis of the intensity of light emitted in the presence 
of luciferase, and each therefore present in sufficient concentration to satisfy 
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the sensitivity requirements of the tests employed, apparently do not pos- 
sess the phenolic hydroxyl, the quinone, the carbonyl, or the phosphate 
functions required by the various hypotheses. Preparations of luciferin, 
somewhat cruder than the purest used in this work, have, as noted above, 
been separated into components which do possess one or more of these 
groups, and it seems reasonable that contamination of purified luciferin 
preparations with any of these may have led to observations upon which 
several of the hypotheses were based. 

It is not possible to state from the present evidence how homogeneous 
the purest available preparations are with respect to the two luciferins, but, 
in so far as the chromatographic method is applicable to this problem, 
there are no detectable concomitants. Yellowness and the absorption of 
ultraviolet light by both luciferins provide evidence that the absorption 
spectrum observed by Chase and Brigham (7) is associated with the lucif- 
erins and not with impurities, but the problem of how much each luciferin 


contributes to the intensities of the observed bands at 265 and 435 ux re- | 


mains to be studied. 


SUMMARY 


1. Two luminescent substrates, a- and 8-luciferin, have been separated 
by partition chromatography from concentrates of Cypridina luciferin. 

2. No concomitants to these luciferins were chromatographically detect- 
able in the concentrate. 


3. None of the structures proposed for Cypridina luciferin could be con- 
firmed. 


We gratefully acknowledge the support of Professor E. N. Harvey. 
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PAPER CHROMATOGRAPHY OF STEROID SAPOGENINS AND 
THEIR ACETATES 


By ERICH HEFTMANN anp ALMA LEVANT HAYDEN 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, November 26, 1951) 


Steroid sapogenins and cardiac-active steroids are of considerable interest 
as starting materials for hormone synthesis. Convenient procedures are 
available for screening plant material for the presence of various cardiac 
glycosides by paper chromatography (1-4), but so far the separation and 
identification of steroid sapogenins has been carried out only by the more 
laborious classical methods of organic chemistry. 

Partition chromatography of steroids usually requires special techniques, 
owing to their unfavorable solubility behavior. Two-phase organic solvent 
systems (3-5), phase reversal (6, 7), and chromatography of steroid deriva- 
tives (8, 9) have been employed. In contrast, steroid sapogenins and 
cardiac-active steroids (1, 2) are relatively easily separated by partitioning 
between water and a non-polar organic solvent, with alcohol to promote 
miscibility. While we have been unsuccessful in obtaining separation of 
steroid sapogenins with the two-phase organic solvent systems of Burton 
et al. (5), we have found the petroleum ether-toluene-ethanol-water system 
of Heftmann (9, 10) particularly useful. 

For the detection of steroid sapogenins, the paper can be sprayed either 
with the trichloroacetic acid reagent of Svendsen and Jensen (1), which 
produces fluorescent spots after heating, or with blood. In the latter case, 
hemolysis is observed where the sapogenins are concentrated on the filter 
paper. 


EXPERIMENTAL 

Apparatus— 

Filter paper, Whatman No. 1, supplied in sheets 18} X 223 inches. 

Ultramicro pipettes, sizes from 10 to 100 ul.? 

Chromatography jars. Cylindrical glass jars, 12 inches high and 5 inches 
inside diameter. The so called museum jars (9) have a flat glass cover 
with a rubber sealing ring and can be made gas-tight by means of a screw 

1 Since this paper has been submitted for publication, I. E. Bush has demon- 
strated the applicability of solvent systems similar to ours to paper chromato- 


graphy of other steroids (Biochem. J., 50, 370 (1952)). 
* Alfred Bicknell Associates, Cambridge, Massachusetts. 
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clamp. The bottom is raised in the center, which results in a saving of 
solvent. 

Spray gun, Paasche Airbrush, model AUSF, No. 1,’ with half pint glass 
jar, operating with compressed air, useful for applying a fine, even spray 
of reagents to paper. 

Ultraviolet lamp, Mineralight, model SL-2537, short wave,‘ a source of 
2537 A radiation. 

Reagents— 

Petroleum ether, c.p. Baker’s Analyzed, boiling range 35-60°. 

Toluene, c.p. Baker’s Analyzed. 

Ethanol, absolute, Publicker Industries, Inc. 

Trichloroacetic acid reagent. A 25 per cent solution of trichloroacetic 
acid, ¢.p., in chloroform, c.p. (1, 4); prepared freshly before use. 


Procedure 


The sapogenins and sapogenin acetates were used as supplied, without 
further purification. All samples were weighed to +1 y and dissolved in 
absolute ethanol to make solutions of 1 y per ul., except diosgenin acetate 
and Compound 58,° which were used in ethanol-chloroform (1:1) solution 
in 0.5 y per ul. concentration. The solutions were stored at +4° and 
brought to room temperature before measuring. 

To determine the sensitivity of the spot tests, each sample was applied 
in accurately measured amounts to a sheet of filter paper within a circular 
area, 3 inch in diameter, by alternately delivering small amounts of solu- 
tion from a micro pipette and compressed air from a blowpipe. The paper 
was then sprayed with either the trichloroacetic acid reagent or blood by 
means of a stainless steel spray gun. After spraying with trichloroacetic 
acid solution, the paper was hung up in a drying oven at 100° for 20 min- 
utes, then inspected in ordinary light and in the dark under the ultraviolet 
lamp, and the location of the fluorescent spots was outlined with pencil. 
Usually, the spots were more distinctly visible on the reverse side of the 
filter paper. For the hemolysis test a 2 per cent suspension of guinea pig 
blood cells in normal saline was used. The blood cells were prepared by 
centrifuging heparinized guinea pig blood, discarding the plasma, washing 
‘the cells with an equal volume of saline, recentrifuging, and discarding the 
saline. Washing was repeated three times; then the cells were suspended 
in saline. With precautions to avoid hemolysis, the blood cell suspension 
was usable for at least 2 days without change in sensitivity. A 10 per cent 
suspension of heparinized rat blood in normal saline was also used. After 

3 Paasche Airbrush Company, Chicago, Illinois. 


4 Ultra-Violet Products, Inc., South Pasadena, California. 
5’ Compound 58 is bis-(38-acetoxy-A*:8“%)-22-isospirostadiene). 
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spraying the paper evenly with the whole blood or blood cell suspension, 
the sapogenins appeared as lighter or darker spots (depending on their 
concentration) on a tan background. In some cases, the spots became 
more distinct after the paper had dried, and occasionally they were more 
readily discernible in transmitted light. 

The ascending method of paper chromatography was used (11). All 
work was carried out in an air-conditioned room at 23°+ 2°. The solvents 
were mixed by shaking, then allowed to stand in separatory funnels for at 
least 1 day prior to use. The aqueous phase (bottom layer) was with- 
drawn into a 100 ml. graduated cylinder and 140 ml. of the organic solvent 
(top layer) were poured directly on the bottom of the chromatography jar. 
The graduate was then placed in the center of the jar and the cover closed 
tightly. By keeping the vessel closed for at least 16 hours, the atmosphere 
in the jar was allowed to become saturated with respect to both phases. 
The filter paper was cut into square sheets, 11} X 114 inches, and each 
square was ruled with two pencil lines, parallel to the machine direction 
of the paper. The samples were applied to one line, 2 inches from the 
bottom edge of the paper, each within a circular area 2 inch in diameter 
and not less than 1 inch from the next sample. The other line, 10 inches 
from the bottom, was marked as the solvent front. This was done because 
of the volatility of the solvents, but the solvent front could also be located 
in ultraviolet light, being a fluorescent line on a dark background. After 
spotting, the paper was stapled together in the form of a cylinder without 
permitting direct contact between the edges. This cylinder was inserted 
in the chromatography jar and the cover was quickly replaced and tight- 
ened. As it was important to set up the paper cylinder vertically and 
without touching the jar, it was found helpful to slip a ring, made by 
stapling together a strip of stiff paper, 11 X 3 inches, into the top of the 
cylinder. The chromatogram was taken from the jar as soon as the solvent 
had reached the prescored line and the cylinder was opened with a staple 
remover. No solvent mixture was used more than twice. The finished 
chromatogram was hung up and sprayed as described above. 


Results 


Table I gives the limits of detection for a series of sapogenins and sapo- 
genin acetates in spot tests with trichloroacetic acid and with guinea pig 
blood cells. The smallest amount of substance tested was 1 y in each case. 
The sensitivity of the fluorescence test ranged from 1 to 5 y, but smaller 
amounts could be detected in many cases in which the sensitivity is given 
asl. Each compound fluoresced with a characteristic color, but the color 
was dependent on the amount present. Compounds giving steel-blue spots 


° Parallel to the longer dimension of the original sheet. 
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usually fluoresced as yellow in higher concentration. All compounds tested 
with trichloroacetic acid showed a yellow color in ordinary light, if present 


TABLE [| 
Sensitivity of Spot Tests for Sapogenins and Their Acetates 
The figures represent the smallest quantity detected. 





Trichloroacetic acid 

















| 
Substance Ultraviolet light Visible light | Hemoly- 
Amount Fluorescence Amount Color 
7 7 7 
CHIDCOREBIN® 5.0; 5. sds sid syed). sto 2 Steel-blue 10 Yellow | 2 
ia ACOLATOT . «<0 o0 5 .e 60 si 50 
COL CTU sai ee 2 Blue-green 80 # 40 
es QOCURLOT A fis. ceene 1 Steel-blue 10 3 60 
Pieeaweniny Cee. Fee: 2.2. 1 Pink 10 es | 40 
os ORGAO Ty: «esc. A 1 on 80 re 40 
MOMBREN Gs sche g. S25 oaiges le snag 1 Steel-blue 60 s 20 
ef OB UAUG G35. <6. ahetss oo. 1 Yellow 10 rs 40 
SATAABADOLCRIN 6.6.2.5 cogs ese 1 ee 5 ae | 30 
i acetatef....... 1 Steel-blue 5 a | *oy 
Pinttageniny eee A 1 se: | « ¢ 10 
“4 acetatet....fiak). & 1 bite 6 
Yamogenin acetate*........... | 1 Pink 2 af | 30 
UPC Ei ea ool Yellow | 5 rs 6 
* BOBORGE © ho eres 05,05 .. py Pink | 10 i 40 
Kryptogenin acetate*........ al 1 os 20 | = 40 
Compound 'G25|). 2605.6 2. ae Yellow ie. Greenish 2 
| yellow 

co ei 1 Steel-blue | 1 Ke - 1 














* Generously supplied by Dr. G. Rosenkranz, Research Laboratories, Syntex, 
S. A., Mexico City. 

+ Generously supplied by Dr. M. E. Wall, Eastern Regional Research Laboratory, 
United States Department of Agriculture, Philadelphia, Pennsylvania. 

t Generously supplied by Dr. E. Mosettig, National Institutes of Health, Be- 
thesda, Maryland. 

§ Compound 52 is 38-hydroxy-A®'7:9)-22-iso-19-norspirostatriene; Compound 58, 
bis-(38-acetoxy-A®'*: ‘9)-22-isospirostadiene). 

|| Mosettig, E., and Scheer, I., unpublished data. Kindly supplied by these 
authors. 


in high enough concentration. The hemolysis test, given in Table I only 
for guinea pig blood cells, was not as sensitive as the fluorescence test, but 
in some cases it was more sensitive than the trichloroacetic acid test in 
visible light. All compounds tested produced hemolysis in less than 60 
quantity. With the rat blood suspension, the hemolysis test was less sensi- 
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tive in all cases. About half of the substances did not hemolyze whole 
rat blood in 100 y quantity. 

The Ry values of sapogenins and sapogenin acetates in various solvent 
systems are shown in Table II. The solvent composition and developing 














TaBLeE II 
Ry Values of Sapogenins and Their Acetates* 
Solvent system 
Petroleum ether, ml............... 400 | 400 | 400 | 400 | 400 | 300 | 200 | 200 | 100 | 100] 100} 0 
Toluene, ml... ....................] O] ©] 50] 100 | 100] 100 | 100 | 100 | 100 | 100 | 200 | 400 
[CC ha” a eid ed i ee 10} 30] 10] 10] 30] 10] 10] 30] 10] 30] 30] 10 
Wes Mss Seer esbzss Y 3 90 70 90 90 70 90 90 70 90 70 70 90 
Developing time, min............. 95 | 111} 102] 94] 96] 81] 90] 85] 90] 95) 101 | 107 
Chlorogenin 0 |0.02)0.0410.0410.0510 [0 |0.02/0.10/0.27/0.33/0.27 
0 0 0 (0 
" acetate 0 ..89}1 .00}1 .00}1 .00}1 .00}1 .00/0.99}1 .00}1 .00}1 .00}1 .00)1 .00 
Gitogenin 0.01/0.05|0.08/0 .06/0. 18/0 .07/0.16)0.27/0. 24/0 .47/0.53/0.50 
0 10 
a acetate 0.90 1 .00}1 .00}1 .00}1 .00}1 .00)1 .00/1 .00 1.00}1.00 
Hecogenin 0.07/0.28/0 22/0. 29/0 .53/0.38/0 . 43/0 .69/0.59/0.82/0.86/0.88 
7 0 0 0 0 0 
2 acetate 0.4310 .56/0.72/0.84/0 97/0 .81/0.93}1 .00/0 .94)1 .00}1 .00)1 .00 
Tigogenin 0.40|0.85|0.64/0.68/0.85/0. 75/0. 78/0 .82/0 .85/0 . 86/0 9210.95 
es acetate 0. 98}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00)1 .00}1 .00)1 .00 
Sarsasapogenin 0 .68/0 .94/0 .85/0. 93/0 .96/0 .86|0.75)0 .96/0 .93/0 .98/1 .00}1 .00 
0.7810 .56|0.69 
% acetate 1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00)1 .00}1 .00)1 .00 
Smilagenin 0.72/0.92/0 .85/0 .92/0.96/0 . 90/0 .92/1 .00|0.93/0 .97/1 .00}1 .00 
ce acetate 0..99}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00 
Yamogenin “ . 10.48)0.65)0.63/0.6410.82/0. 7310 .81/0.9C/0.89/0.93/0.95)0.96 
Diosgenin 0.44/0.76/0.65)0.69/0 86/0. 75/0 .83/0 .86/0 . 86/0 .93/0 .96)0.96 
ss acetate 0.93/0.92}1 .00 1.00/0.98}1 .00}1 .00}1 .00}1 .00}1 .00)1 .00 
Kryptogenin acetate 0.4710.54|0.75}1 .00 0.91 1.00}1 .00 
0 0 10 0 
Compound 52 0.52/0.59/0.63/0.71|0.77/0.63|0.79/0 .88|0 .83/0.88|0 9410.94 
0 0 oO oO fo oO 0 oO oO OY ) 
“ 58 0.90}1 .00}1 .00}1 .00}1 .00}1 .00}1 .00)1 .00}1 .00)1 .00}1 .00)1 .00 



































* The figures on the second line were second spots and indicate impurities in the 
samples. 


time, i.e. the time required for the solvent to rise to the 10 inch mark, are 


given in the top lines. The Rr values were obtained by chromatographing 


the smallest quantity of any compound detectable in a chromatogram. 
This quantity was found to vary with the size of the chromatography jar. 
With the5 X 12inch jar, this quantity varied from compound to compound 
within the limits of 1 to 5 times the minimum quantity detectable by spot 
tests without chromatogram. ‘This factor is higher with impure samples. 
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After chromatographing in jars 8 inches in diameter by 12 inches high, 
some compounds could not be detected in amounts as large as 100 times 
the limit of detection. The Ry values were taken as the ratio of the dis- 
tance from the starting line to the greatest density of color or fluorescence 
of each spot to the distance of the starting line from the solvent front. 
The smallest detectable quantity of each compound was used for Ry de- 
termination, because the length of the zone increased with concentration, 
making the determination less accurate. With the hemolysis test, the 
quantities of material required for detection after chromatography were 
sometimes too great to give zones useful for Rr determination. The 
hemolysis test was useful, however, as a confirmatory test, especially if the 
sample was contaminated with trichloroacetic acid-reactive material. In 
most cases, the impurities showed less fluorescence. Sometimes fluores- 
cence was due to contaminants on the paper, which could be distinguished 
from the sapogenins on the basis of their fluorescence before trichloroacetic 
acid spraying. On repeat runs of different concentrations of the same 
substance in the same solvent, Ry values agreed within +0.06. Temper- 
ature variations within +2° produced no changes in Ry values greater than 
the experimental error. The Ry values of the sapogenins and their acetates 
increased slightly with concentration, but the difference in values was 
usually within the experimental error, even with a 10-fold increase in con- 
centration. The spots showed no tendency toward lateral diffusion, but 
some streaking (“tailing”) was observed and the Ry values were therefore 
determined from the point of greatest density of color or fluorescence. The 
length of the tails in the direction of movement was dependent on the 
nature of the sapogenin and solvent and was always greater with increased 
concentration. With 5 y of sapogenin the length was between 0.5 and 
5 cm. 

To test the applicability of the method to the identification of sapogenins 
in plants, four benzene solutions of plant extracts were chromatographed 
in several solvent systems, as shown in Table III. The extracts were 
obtained from the Bureau of Agricultural and Industrial Chemistry of the 
Eastern Regional Laboratory of the United States Department of Agri- 
culture through the courtesy of Dr. M. E. Wall, where they had been 
prepared by solvent extraction and the sapogenins identified by physical 
methods. The fresh plant material had been extracted with boiling 95 per 
cent alcohol, and the extract concentrated, defatted with benzene, then 
hydrolyzed with 4 n hydrochloric acid and extracted with benzene. Phe- 
nols, tars, etc., had been removed by treatment with methanol-potassium 
hydroxide. An aliquot of each extract had been acetylated for the purpose 
of infra-red analysis. The methods of identification included melting 
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point, optical rotation, x-ray analysis, and infra-red spectra.’ The origin 
and sapogenin content (based on dry weight of the plant material) of the 




















TasBe III 
Ry Values of Sapogenins and Their Acetates in Plant Extracts* 
Solvent system | 
Petroleum ether, ml............ 400 400 400 300 
MOIMONO MNES soi coo. 4 caicteseeeecde 0 50 100 100 
RAINE WOR oo. csiese au tawectevn 10 10 30 10 
EMRE WO oie Cenc cliinncaceosves 90 90 70 90 
Extract or reference com- 
poundt 
§-555 genin (1600) 0.88 0.91 
0, 0.08, 0.13 0 
Sarsasapogenin (20) 0.91 0.92 
0.76 
8-555 genin (1600) + 0.90 0.91 
sarsasapogenin (5) 0, 0.06, 0.13 
§-555 acetate (1600) 1.00 
0, 0.10 
Sarsasapogenin ace- 1.00 
tate (14) 
S-555 acetate (600) + 1.00 
sarsasapogenin ace- 0, 0.05 
tate (5) | 
§-861 genin (1200) 0.78 0.94 0.84 
0, 0.04, 1.00 0 0, 0.03, 1.00 
Diosgenin (20) 0.75 0.93 0.81 
8-861 genin (1200) + 0.77 0.94 0.84 
diosgenin (5) 0, 0.03, 1.00 0 0, 0.02, 1.00 
8-861 acetate (1200) 1.00 
0, 0.03, 0.58 
Diosgenin acetate (6) 1.00 
S-861 acetate (500) + 1.00 
diosgenin acetate (6) | 0, 0.02, 0.56 | 





*The figures on the second line represent small amounts of impurities in the 
samples. 

{ The figures in parentheses are amounts in micrograms of dry plant material 
or of reference compound. 
extracts were given as follows: S-555, Yucca leaf, 0.9 per cent sarsasapo- 
genin; S-861, Dioscorea composita tuber, 2.0 per cent diosgenin. Table III 
shows the close agreement between the Rp values of the sapogenins in the 


7A detailed account of the procedure will appear in a forthcoming publication 
by M. E. Wall, M. M. Krider, E. S. Rothman, and C. R. Eddy. 
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plant extracts and the reference compounds, which were chromatographed 
alongside or mixed with the extracts. The acetylated plant extracts were 
of little value in the identification of the particular sapogenins, because the 
acetates of sarsasapogenin and diosgenin moved with the solvent front, even 
in the slowest solvent system. 


DISCUSSION 


Red blood cells are hemolyzed by sapogenins and their acetates under 
the conditions of the spot test on filter paper. While it is reasonable to 
assume that the hemolytic activity of saponins can be ascribed to the agly- 
cone portion of the molecule, hemolysis by sapogenins has not been detected 
in the conventional method of carrying out the test, presumably owing to 
their low water solubility. Bick (12) has demonstrated the hemolytic 
activity of sapogenins in alkaline solutions. Whole rat blood is less sensi- 
tive to hemolysis than washed guinea pig blood cells. This is known to be 
due partly to the protective effect of plasma cholesterol and partly to the 
generally greater sensitivity of guinea pig erythrocytes to hemolysis. The 
synthetic sapogenins, Compound 52 and Compound 58, have remarkable 
hemolytic activity in comparison to the other sapogenins tested. 

The Ry values of steroid sapogenins and their acetates in the petroleum 
ether-toluene-ethanol-water system quite generally increase with the tolu- 
ene content of the solvent system. With constant proportions of petroleum 
ether and toluene, the R, values are greater in the solvent systems of higher 
ethanol content (1). The general rule about the influence of polar groups 
in a homologous series also holds for the sapogenins. Thus, chlorogenin 
and gitogenin, having two hydroxyl groups in the molecule, move more 
slowly than hecogenin, which contains one hydroxyl and one carbony!| 
group, and hecogenin is slower than tigogenin (one hydroxyl group). 
Acetylation of any compound results in a loss of polarity and concomitant 
increase in Ry. The two isomers chlorogenin and gitogenin are also sepa- 
rated. The possibilities of partition chromatography in the separation of 
geometric isomers (5, 10, 4) are again demonstrated in the steroid sapogenin 
series. Thus, tigogenin, in which rings A and B are trans fused, can be 
separated from smilagenin, the isomer with cis fusion of rings A and B, 
and, in at least one solvent, sarsasapogenin, which has the ‘‘normal”’ con- 
figuration on C-22, is well separated from smilagenin, in which the config- 
uration on C-22 is “‘iso.”’ 


SUMMARY 


A rapid and convenient procedure for the separation and identification 
of steroid sapogenins and their acetates has been described. The method 
is based on partition chromatography in petroleum ether-toluene-alcohol- 
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water mixtures and subsequent detection of the compounds on the filter 
paper by spraying with either trichloroacetic acid or blood. 


The authors gratefully acknowledge the advice and criticism of Dr. Erich 


Mosettig throughout the course of this work. 
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EFFECT OF CORTISONE UPON RATES OF GLUCOSE 
PRODUCTION AND OXIDATION IN THE RAT 


By ISAAC D. WELT, DeWITT STETTEN, Jr., DWIGHT J. INGLE, anp 
ERVING H. MORLEY 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of the City of New York, Inc., New York, New York, and the Research 
Laboratories, The Upjohn Company, Kalamazoo, Michigan) 


(Received for publication, February 13, 1952) 


The effects of certain of the steroids of the adrenal cortex upon carbo- 
hydrate metabolism have been the subject of numerous investigations which 
have been reviewed elsewhere (1, 2). The general initial effect of the 11- 
oxygenated steroids is to increase the total carbohydrate of the body, 
especially liver glycogen. Under certain experimental conditions, the ad- 
ministration of large doses of cortisone, hydrocortisone, or corticosterone 
will cause hyperglycemia and glucosuria. This increase in quantity of 
carbohydrate has generally been attributed to an enhancement of gluco- 
neogenesis from non-carbohydrate precursors (3). In addition, there is 
indirect evidence that cortical hormone excess may also inhibit some phase 
of carbohydrate utilization (4-7). 

In an earlier paper (8) a method was described for the estimation of 
glucose production from non-carbohydrate precursors in the intact rat. 
This method depends upon a comparison of specific activities of admin- 
istered and excreted glucose when C-glucose is injected intravenously at a 
constant and known rate into a glucosuric rat. Alloxanized, phlorhizinized, 
and untreated rats were studied by this technique and the results indicated 
that, whereas no overproduction of glucose was demonstrable in the phlo- 
rhizinized rats, there was a small degree of excess glucose formation incident 
to alloxan diabetes. Study of the simultaneously expired CO, revealed a 
definite inhibition of oxidation of glucose to CO: in both sets of treated 
animals. ‘The same approach has now been applied to the evaluation of the 
contributions of overproduction and underutilization of glucose to the 
glucosuria induced in rats by the administration of cortisone. 

In the previous paper (8) the question of the possible effect of glucose 
load upon rate of glucose production from body constituents was raised 
and it was indicated that this rate appeared to be insensitive to changes 
in the rate of glucose injection. This question has further been explored 
in the present experiments by measurement of the rates of glucose produc- 
tion in three series of cortisone-treated rats receiving 83.3, 167, and 333 mg. 
of glucose per rat per hour. 
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The assumptions, definitions, and limitations of the present experimental 
approach have been discussed in some detail (8). Chief among these is 
the fact that the rate of glucose production being measured, r, is the rate 
at which non-isotopic glucose, arising from sources not derived from the 
injected glucose, is being formed. Any contribution to the blood glucose 
by resynthesis from precursors which had themselves arisen from injected 
glucose is excluded by this experimental procedure. 


EXPERIMENTAL 


Procedures of synthesis, isolation, purification, and analysis in the present 
experiments are the same as those described in the earlier report (8). 
BaC“O; samples, mounted as before, were counted under a thin mica 
window counter in most experiments, but in some series a windowless gas 
flow counter with helium-isobutane (99:1) was employed. All specific 
activities have been calculated as counts per minute per milliatom of C, 
but for the sake of ease of comparison, specific activities of products iso- 
lated are reported as percentages of the specific activity of the glucose 
injected. 

In all experiments glucose was injected intravenously for 12 hours and 
glucose was isolated as its phenylosazone from hourly urine samples col- 
lected during the last 6 hour periods. Expired CO: was collected for analy- 
sis during the last 4 hours of each experiment. Glycogen was isolated from 
the liver at the end of each experiment and purified as previously described. 

Four groups of young adult male rats of the Sprague-Dawley strain, fed 
a medium carbohydrate diet by stomach tube, have been studied. The 
basic preexperimental diet and care, anesthesia, and experimental procedure 
were the same in all cases as those previously employed. All of the rats 
were fasted for 24 hours prior to the beginning of the experiment. The 
total volume of the infusion solution was adjusted to 40 ml. per rat per 
12 hours. The first group (Series A) comprised six normal rats which 
received, without other specific medication, intravenous injections of C'- 
glucose for 12 hours at the rate of 333 mg. per rat per hour. Series B, C, 
and D comprised nine, six, and six rats respectively, all pretreated with 
subcutaneous injections of cortisone acetate. The dosage was 5 mg. twice 
daily per rat for a period of 6 or 7 days prior to the beginning of the experi- 
ment and was continued during the day of the experiment. On the last 
day prior to fasting, these rats excreted an average of 6.3 gm. of glucose, 
with a range of 5.2 to 7.4 gm. The rates of glucose injection into these 
rats were 83.3, 167, and 333 mg. per rat per hour, respectively. 


Results 


In Fig. 1 are plotted the specific activities of the hourly urinary glucose 
samples collected from the 6th through the 12th hour of 12 hour injection 
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experiments. The ordinates are adjusted so that the specific activity of - 
the injected glucose equals 100. The data for specific activity secured 
from the normal rats (Line A) will be seen to have attained a plateau, the 
mean level of which is 95.0 + 1.0 per cent (Table I), and from this figure, 
by equations previously given (8), a rate of glucose production of 17.5 + 
3.8 mg. per rat per hour is obtained. 

This rate is considerably less than that obtained when the last 4 hours 
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Fig. 1. The specific activity of urinary glucose in normal and cortisone-treated 
rats. The specific activities of urinary glucose samples, calculated as percentages 
of the specific activity of injected glucose, have been plotted as a function of time 
during the last 6 hours of 12 hour injection experiments. The points represent mean 
values + standard error. Line A, normal animals injected at a rate of 333 mg. of 
glucose per hour. Lines B, C, and D represent cortisone-treated rats injected at 
rates of 83.3, 167, and 333 mg. per hour respectively. 


of a 6 hour experiment were used as a basis for calculation (8). This 
would seem to indicate that what was earlier considered a plateau was in 
effect not a plateau, that the specific activity of the urinary glucose was 
still rising in the earlier experiments. 

In the earlier series a comparison was made between data secured from 
6 hour experiments in normal rats and 12 hour experiments in alloxan- 
diabetic rats. In the light of the present experience this comparison ap- 
pears not to have been justified and the results of the 12 hour experiment 
in the alloxan-diabetic rats would more appropriately be compared with 
those of the present 12 hour experiment on normal animals. The calcu- 
lated rate of glucose production in the alloxanized rats was of the order of 
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43.3 + 1.8 mg. per rat per hour (Table I), from which it must be con- 
cluded, from experiments of comparable duration, that there is a significant 
degree of overproduction of glucose incident to alloxan diabetes in the rat. 
This overproduction was suggested by the earlier data but the observed 
difference in rates of glucose production between the normal and alloxanized 
rats was barely statistically significant. 

In the rats pretreated with cortisone, the tolerance for injected glucose 
is markedly lowered. Glucosuria was regularly observed in the rats which 


TABLE I 
Specific Activity of Urinary Glucose and Rate of Glucose Production 


The rate of glucose production, r, has been calculated from the mean plateau 
value of the specific activity, a, of the urinary glucose excreted from the 6th through 
the 12th hour. 














Mean Rate of 
Series Pretreatment og A : oa f Specific activity, a* ig nh “ sco 
gm. —. per cent mg. per rat per hr. 
A None 6 253 333 95.0 + 1.0 17.5 + 3.8f 
§ Alloxan 6 206 83.3 65.8 + 1.0 43.3+1.8 
B Cortisone 9 241 83.3 42.5+0.7 112.7 + 3.2 
C ee 6 228 167 57.4 + 2.0 123.6 + 5.1 
D - 6 217 333 71.54 1.4 132.7 + 8.9 

















* The specific activities have been calculated as per cent of activity of injected 
glucose. 
C.p.m. per milliatom C in glucose isolated 
C.p.m. per milliatom C in glucose injected 
tr = R((100/a) — 1). 
$+ standard error = V/=(d2)/(n(n — 1)). The standard error of r, Ar, was 
calculated from Aa, by the equation +Ar = *Aa(100R/a?). 
§ Data recalculated from an earlier paper (8). 


x 100 








received 83.3 mg. of glucose per hour (Line B, Fig. 1). The specific activity 
of the glucose excreted in the urine appeared still to be rising slightly during 
the 6 hours of study. However, if these results are treated as though a 
plateau had been achieved, a mean specific activity of 42.5 + 0.7 per cent, 
corresponding to a rate of glucose production of 112.7 + 3.2 mg. per rat 
per hour, is obtained (Table I). 

Since this estimated rate of 6 to 7 times normal was obtained from a 
questionable plateau, a second and third series of cortisone-treated rats 
(Series C and D) were studied at 2 and 4 times the load of injected glucose, 
167 and 333 mg. per rat per hour. Entirely satisfactory plateaus were 
obtained when specific activities of urinary glucose excreted during the last 
6 hours were plotted versus time in these latter two experiments (Fig. 1). 
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From the mean levels of these plateaus, rates of glucose production have 
been calculated as 123.6 + 5.1 and 132.7 + 8.9 mg. per rat per hour, 
respectively (Table I). 

The extent of oxidation of glucose to CO2 by the various animals is 
indicated by the data in Table II. From the mean value for the specific 
activity of COz in each group, and the comparable specific activity of 


TaBLe II 
Specific Activity of Expired CO» 
From the specific activities of CO. collected during the last 4 hours of each experi- 


ment, the percentages and quantities of CO. derived from body glucose have been 
calculated. 





Normal Cortisone-treated | Cortisone-treated Cortisone-treated 
Series A Series B Series C Series D 





Specific | Total Specific | Total Specific | Total Specific | Total 
































activity* CO2 activity COz activity CO2z activity CO2 
per cent mM ber cent mM per cent mM per cent mM 
21.8 | 15.01 | 16.6 | 18.88 | 13.2 | 17.93 | 19.2 | 20.73 
23.9 | 19.44; 11.5 | 15.79 | 13.0 | 19.20| 10.8 | 18.79 
. 17.3 | 18.36 9.6 | 19.12} 12.38 | 17.538) 12.5 | 22.34 
22.1 16.07 | 11.8 | 22.25 | 11.2 | 21.55 | 11.1 | 25.80 
18.8 | 22.28 7.7 | 20.48 | 16.2 | 23.45} 10.3 | 23.90 
17.4 | 18.25; 10.5 | 18.83 |} 29.4 | 26.00 7.7 ~+| 25.20 
11.4 | 21.12 
9.3 | 16.15 
14.2 | 19.34 
PEAT irs ceste - 20.2 | 18.23 | 11.4 | 19.11 15.9 | 20.94} 11.9 | 22.79 
CO2zfrom body 21.3T 26.8T 27.7T 16.7f 
glucose 0.97t 1.25 1.45f 0.95t 








*(C.p.m. per milliatom of C in CO2)/(c.p.m. per milliatom of C in injected glu- 
cose) X 100. 

t (Specific activity in CO:)/(specific activity in urine glucose) X 100. 

t Millimoles per hour. 


urinary glucose, the per cent of CO, derived from glucose carbon has been 
calculated. This quantity multiplied by the mean hourly CO: excretion, 
in millimoles per hour, gives the quantity of CO, derived from body glu- 
cose per hour. 

The values for CO, derived from glucose in normal rats, 21.3 per cent or 
0.97 mm per rat per hour, in the present series (Table II, Series A), are 
in good agreement with values secured earlier, 22.6 per cent or 0.86 mm per 
rat per hour (8). This agreement may be in part fortuitous, however, in 
view of the fact that in the earlier experiments the injection of glucose was 
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carried out for 6 rather than 12 hours. It was pointed out at that time 
that the ratio of specific activity in CO: to that in glucose was dependent 
in part upon the duration of the experiment, increasing with the passage of 
time, and any selected time was necessarily arbitrary. 


When the analogous calculations are made from data secured from the 


cortisone-treated rats, considerable scatter of results is observed, but no 


TaBie IIT 
Specific Activity of Liver Glycogen 
From the specific activities of liver glycogen samples isolated from each rat at the 
end of the experiment and the mean specific activities of urine glucose excreted 


during the last 6 hours, the per cent of glycogen that can be shown to have arisen 
from body glucose has been calculated. 
































Normal Cortisone-treated Cortisone-treated Cortisone-treated 
Series A Series B Series C Series D 
Specific |Glycogen| Specific |Glycogen| Specific |Glycogen| Specific |Glycogen 
activity* | carbon | activity | carbon | activity | carbon | activity | carbon 
per cent |milliatom| per cent |milliatom| per cent |\milliatom| per cent | milliatom 
74.6 27.6 3.2 1.2 1.8 7.8 3.4 16.0 
74.0 32.4 1.6 1.8 0 20.4 2.8 21.1 
68.5 25.2 2.8 1.3 5.7 24.0 2. 18.0 
63.2 17.4 1.0 2.5 0 26.4 1.9 22.3 
80.5 20.2 3.6 5.9 7.9 15.6 1.5 14.9 
58.8 20.4 0 0 37.8 1.5 6.6 
0 
0 
ROOT 656 56505164" 69.9 23.9 2.4 1.6 2.6 22.0 2.2 16.5 
Glycogen de- 
rived from 
body _ glu- 
cose, % 74 6 5 3 

















* See Table II. 


clear trends can be detected. In Series B and C (Table II), the radiochem- 
ical yield of CO2 per rat per hour from circulating glucose is somewhat 
higher than in the control Series A, but in Series D it is very close to nor- 
mal. This is in striking contrast to the earlier observations with alloxan- 
diabetic rats, in which the yield of CO. from body glucose was calculated 
to be 0.31 mm per rat per hour or about one-third of normal. 

The quantities of glycogen carbon present in the livers at the end of each 
experiment, as well as the specific activities of these samples, are given in 
Table III. In the normal rats, the mean specific activity of liver glycogen 
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was 74 per cent of that of the body glucose, which compares favorably with 
82 per cent obtained in the earlier experiments (8). In the cortisone- 
treated rats receiving the lowest level of glucose load (Series B), very little 
glycogen was present in the liver at the end of the experiment and this 
was poor in radioactivity. When glucose was injected at higher levels of 
concentration (Series C and D), approximately normal quantities of glyco- 
gen were found in the livers, but again the specific activities were low. 
Only from 3 to 6 per cent of the carbon present as liver glycogen could be 
accounted for as having arisen from body glucose in the course of the 
experiments on cortisone-treated rats. 


DISCUSSION 


It appears from the foregoing results that the administration of cortisone 
to the rat under the conditions of the present experiment results in a 
marked increase in the rate at which glucose is generated from non-carbo- 
hydrate precursors. The quantity of glucose synthesized per hour in these 
animals was some 7 times that synthesized in the untreated control animals 
(Table I). Whereas some degree of overproduction of glucose, approxi- 
mately twice the normal rate, is also apparent in alloxan-diabetic rats, this 
is far less than that observed in rats rendered comparably glucosuric with 
cortisone. 

The present experiments have not been designed to reveal the source - 
of the carbon atoms of the newly formed glucose. It has been clearly 
pointed out by Buchanan et al. (9) several years ago that, despite the fact 
that carbon atoms initially present in acetate are introduced into glucose 
by the operation of the tricarboxylic acid cycle, no net increase in quantity 
of glucose can be effected by this series of reactions. In a recent paper by 
Sakami and Lafaye (10) a novel pathway has been described in the rat, 
direct oxidation of acetone to pyruvic acid, and, in so far as this pathway 
is operative, a net gain in carbohydrate at the expense of fatty acid might 
well occur. Whether fatty acids have in effect contributed to the over- 
production of glucose here observed remains to be determined. 

Comparison of the rates of glucose production in rats injected with glu- 


‘cose .at different levels (Series B, C, and D, Table I) reveals no striking 


dependence of glucogenic rate upon glucose load. The slight increase in 
rate of glucose production with increasing rate of glucose injection is of 
little statistical significance. 

The effect of cortisone treatment upon the capacity of rat tissues to 
oxidize glucose to CO: is not impressive (Table II). In two of the three 
series of cortisone-treated rats, somewhat more than normal quantities of 
CO. were derived from glucose; in one series this value was essentially 
normal. This is in contrast to the situation in the alloxan-diabetic rat in 
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which the quantity of CO2 derived from blood glucose was approximately 
one-third that found in the normal (8). 

Considered together, these results argue that under these conditions a 
major disturbance in glucose metabolism in the rat treated with cortisone 
is a striking increase in the rate of glucose production with little, if any, 
effect upon glucose oxidation. 

The fact that the 11-oxygenated steroids of the.adrenal cortex favor the 
formation of glucose from non-carbohydrate sources was emphasized by 
Long, Katzin, and Fry (3) and has derived support from numerous other 
studies. There is also indirect evidence that the adrenal cortical hormones 
can inhibit some phase of carbohydrate utilization. The cortical steroids 
have been observed to depress the respiratory quotient (3-5) and to produce 
a degree of glucosuria in excess of that readily explained on the basis of 
gluconeogenesis from protein alone. Extracts of the adrenal cortex may 
suppress the tolerance of the eviscerated rat for intravenously administered 
glucose (6) and have been found to prolong the inhibition of hexokinase 
observed in diabetic animals (7). 

The magnitude of glucosuria following treatment of active unanesthetized 
rats with cortisone was, on the average, 262 mg. per hour in the present 
series, but far higher values, up to 540 mg. per hour, have been observed 
(11) in animals fed a high carbohydrate diet. Whereas this degree of 
glucosuria was, on the basis of simultaneous nitrogen excretion data, too 
great to be attributed solely to gluconeogenesis from protein, it is also 
greater than can be accounted for on the basis of the present observed rates 
of glucose production of 113 to 133 mg. per hour. When these figures are 
considered together with the finding that normal active rats can be adapted 
to tolerate as much as 1000 mg. of glucose per hour (12), it seems plausible 
to suggest that in the fed active rat treated with cortisone, in addition to 
overproduction of glucose from non-carbohydrate sources, there is a con- 
tribution to the glucosuria from impairment in utilization of glucose. That 
cortisone effects an inhibition of carbohydrate utilization in lipogenesis may 
be inferred from recent results of Brady e¢ al. (13). 

In the present experiments with anesthetized rats, an impairment in 
glucose oxidation was not evident. There is, however, reason to conclude 
that hepatic glycogenesis at the expense of blood glucose was inhibited. 
The results obtained from the study of liver glycogen samples are difficult 
to interpret, but it is clear that the bulk of the glycogen present in the livers 
of the cortisone-treated animals did not derive its carbon atoms from those 
of body glucose during the preceding 12 hours. None the less, when suffi- 
cient glucose was injected hourly (Series C and D, Table III), essentially 
normal quantities of glycogen were recovered from the livers. Alternative 
possibilities may be invoked to explain these findings. Either the cortisone- 
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treated rat, supplied with adequate glucose, synthesizes hepatic glycogen 
almost entirely from non-carbohydrate precursors or cortisone exerts a 
glycostatic effect resulting in the conservation of preformed liver glycogen 
if the blood glucose level is sustained. That liver glycogen can be mobilized 
in the cortisone-treated rat is indicated by the findings in Series B (Table 
III), in which glucose was injected at the lowest level and subnormal 
quantities of liver glycogen were found. Although cortisone has an acute 
glycogenic effect upon liver, it is known that this response fades with time, 
so that after several days the liver glycogen of a cortisone-treated animal 
may either be normal or subnormal (14). The time-response effect of 
cortisone upon liver glycogen has never been fully explored. 


SUMMARY 


By means of continuous intravenous injection of a solution of C'*-glucose 
into anesthetized rats, constant levels of specific activity of urinary glucose 
have been attained in normal and cortisone-treated rats. 

From the specific activities of injected and excreted glucose and the 
known rate of injection, the rate of formation of glucose from sources not 
derived from the infused glucose has been calculated. Treatment with 
cortisone has resulted in an approximately 7-fold increase over normal in 
this rate of gluconeogenesis as compared with a 2-fold increase observed in 
alloxan diabetes. 

The rate of oxidation of glucose to COz in the rat did not appear to be 
greatly affected by pretreatment with cortisone. A far smaller fraction of 
liver glycogen was formed from body glucose in the cortisone-treated than 
in the normal rats. 

The rate of glucose production by the rat is, within the limits studied, 
essentially independent of the rate of glucose injection. 
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THE CRYSTALLIZATION AND CHARACTERIZATION OF 
Lt-GLUTAMIC ACID DEHYDROGENASE* 
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(From the Department of Biochemistry, Harvard Medical School, Boston, Massachusetts, 
and the Section on Cellular Physiology, National Heart Institute, National Insti- 
tutes of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, February 7, 1952) 


The wide-spread occurrence of the enzyme, t-glutamic acid dehydro- 
genase, which catalyzes the reaction 


L-Glutamate + coenzyme — a-ketoglutarate + NH, + reduced coenzyme + H+t 


in bacteria (1, 2), yeast (3, 4), plants (4-6), and mammalian tissues (7, 8) 
suggests that this enzyme might play an important physiological réle in 
nature, possibly in the fixation of ammonia within the cell (7) or in hydro- 
gen transport (9). 

Inasmuch as previous studies on the properties of this enzyme were 
carried out with impure enzyme preparations, and since conflicting reports 
concerning the pH optimum (7, 8, 10) and coenzyme specificity (2, 7, 8, 
10-12) of the beef liver enzyme have appeared in the literature, an ex- 
tensive investigation of the properties of the highly purified enzyme was 
undertaken. The present paper deals with the crystallization of glutamic 
dehydrogenase and the determination of its physical properties. A brief 
report (13) of the crystallization procedure has been published previously.! 


EXPERIMENTAL 
Reagents and Methods 


M/3 L-potassium glutamate. Glutamic acid (Eastman Kodak) was sus- 
pended in 0.2 m potassium phosphate and neutralized to pH 7.7 with KOH. 

DPN. 60 per cent pure DPN (diphosphopyridine nucleotide) was made 
up in 0.2 m potassium phosphate just before use at a concentration of 1 
mg. per cc. and neutralized to pH 7.7. The solution may be frozen for 
short periods without an appreciable loss of activity. 


* The data in this paper were taken from a dissertation submitted by James Allen 
Olson in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
at Harvard University. 

t Research Fellow, National Institutes of Health, United States Public Health 
Service. Present address, International Institute for Chemical Microbiology, Insti- 
tuto Superiore di Sanita, Viale Regina Margherita, 299, Rome, Italy. 

1 Beef liver glutamic dehydrogenase has also been prepared in a crystalline form 
by Strecker (14) by a different procedure. 
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M/6 potassium a-ketoglutarate. The impure acid (Nutritional Bio- 
chemicals) was twice recrystallized from glacial acetic acid, made up in 
0.2 m potassium phosphate, and adjusted to pH 7.6. 

DPNH. 60 per cent pure DPNH (reduced diphosphopyridine nucleo- 
tide) was made up in 0.2 m potassium phosphate just before use at a con- 
centration of 1 mg. per cc. and neutralized to pH 7.6. The reduced DPN 
was prepared by the hydrosulfite method of Ohlmeyer (15) and by the 
enzymatic method of Bonnichsen (16). In the latter case, yeast alcohol 
dehydrogenase prepared according to Racker’s procedure (17) was used 
rather than the liver enzyme originally employed. 

3M NH,Cl. The salt (Baker’s Analyzed) was made up in 0.2 m potas- 
sium phosphate and adjusted to pH 7.6. 

Enzyme solutions. Enzyme solutions for assay were routinely diluted 
with 0.2 m potassium phosphate, pH 7.6. All reagent solutions were 
stored at 0°. 

Assay Method I (DPN Reduction)—The test solution consisted of 0.5 ce. 
of DPN solution, 0.1 cc. of M/3 K glutamate, and 2.35 ce. of 0.2 m potas- 
sium phosphate, pH 7.7. At zero time, 0.05 cc. of properly diluted enzyme 
solution was added to the reaction cuvette (L = 1.0 cm.), the solution was 
stirred, and extinction readings at 340 my were taken every minute for 6 
minutes in a model DU Beckman spectrophotometer. The extinction 
increment during the 5 minute period following the 1st minute was desig- 
nated AK and was proportional to the enzyme concentration at values 
below 0.070 (Fig. 1, a). Vigorous stirring of the reaction solution between 
readings increased AE by about 10 per cent above pH 8, probably by the 
removal of NH;.' At pH 7.7, however, this effect was negligible. 

Assay Method II (DPNH Ovxidation)—The test solution consisted of 
0.6 cc. of DPNH solution, 0.2 cc. of m/6 K a-ketoglutarate, 0.15 cc. of 
3 M NH.Cl, and 2.0 cc. of 0.2 m potassium phosphate, pH 7.6. At zero 
time 0.05 cc. of properly diluted enzyme solution was added, the solution 
was stirred, and extinction readings at 340 my were taken every minute 
for 6 minutes. Readings were made relative to a reference cuvette con- 
taining all the reagents except enzyme. The optical density reading for 
this blank was set arbitrarily at either 0.600 or 0.400. The extinction 
decrement during the 5 minute period following the Ist minute was termed 
—AE and was proportional to the enzyme concentration at values below 
0.200 (Fig. 1, b). 

Protein Concentration—The concentration of protein was determined by 
spectrophotometric readings at 279 my of solutions in cuvettes (L = 1.0 
em.). For crystalline preparations the extinction readings were converted 
to mg. of dry protein by multiplying by 1.03. This value was based on 
experiments in which aliquots of well dialyzed, recrystallized enzyme solu- 
tions were placed in tin-foil boats and were dried to constant weight at 110°. 
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Specific Activity—The specific activity was defined as the change in 
optical density, AZ, per mg. of enzyme. The value for the specific activity 
determined by measuring DPNH oxidation was roughly 10 times larger 
than that obtained from DPN reduction data. All assays were carried out 
at room temperature. 

Preparation of Crystalline Glutamic Acid Dehydrogenase—4 kilos’ of beef 
liver packed in ice at the slaughter-house were homogenized in 300 gm. 
batches in a Waring blendor for 2 to 3 minutes with 12 liters of 0.5 m phos- 
phate buffer, pH 7.4, which had been chilled to 0°, and the mixture was 
strained through a No. 12 mesh screen. Ethanol (95 per cent) was added 
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Fig. 1. The initial reaction rate as a function of enzyme concentration. (a) Glu- 
tamate oxidation. Final substrate concentrations, L-glutamate, 1.11 xX 107? M; 
DPN, 1.5 X 10-4; in 0.2 Mm potassium phosphate, pH 7.7. (b) Glutamate formation. 
Final substrate concentrations, a-ketoglutarate, 1.11 X 10-?m; DPNH, 1.5 X 107‘; 
NH.Cl, 0.1 M; in 0.2 m potassium phosphate, pH 7.6. 


with stirring at a rate of 15 cc. per minute to 20 per cent by volume on the 
basis of the total volume of homogenate (270 ce. of 95 per cent ethanol per 
liter of homogenate). The temperature was kept below 0° during this 
process. After the ethanol addition was completed, the temperature of the 
solution was allowed to fall to —8°. The mixture was centrifuged at 
25,000 X g in a Sharples batch bowl centrifuge with a 5 liter bowl at —5° 
and the supernatant (A) was saved. This separation was difficult and re- 
quired high speed centrifugation. Filtration proved to be unsatisfactory. 

Prechilled 1 m NaAc-HAc buffer, pH 4.6, was added slowly with stirring 
to Supernatant A at —3° until the pH of the solution fell to 5.8 to 5.9 


2 Preparation of the crystalline enzyme from smaller portions of liver (400 to 
500 gm.) has been successfully carried out several times. In such cases, a refrigerated 
International centrifuge (model PR-1) was employed in the ethanol and pH steps, 
thus obviating the use of the relatively unavailable large Sharples centrifuge. 
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(approximately 80 cc. of acetate buffer per liter of Supernatant A). After 
being stirred for an additional 30 minutes, the mixture was centrifuged in 
the large Sharples batch bowl centrifuge at —5°. Precipitate B was saved, 
and the clear red supernatant was discarded. 

The precipitate was briefly homogenized in a Waring blendor until 
thoroughly dispersed in 2 liters of cold 0.05 m phosphate buffer, pH 7.4, 
and the solution was stirred for about 1 hour at +5°. 95 per cent ethanol 
was added slowly with stirring to a final ethanol content of 10 per cent by 
vohime at 0° (about 55 cc. of 95 per cent ethanol per liter of enzyme solu- 
tion). The approximate amount of ethanol in the original solution was 
determined by a rough measurement of freezing point depression. Cold 
1 m NaAc-HAc buffer was added slowly with stirring until the pH fell to 
5.8 to 5.9 (about 60 cc. of acetate buffer per liter of 10 per cent ethanol 
solution). After addition of the buffer was completed, the solution was 
stirred for another 30 minutes. The brownish milky solution was run 
slowly through a 250 cc. bowl, steam-driven, brine-cooled Sharples centri- 
fuge at —3°, at maximal centrifuge speed. The bowl was cleaned out 
several times during the run, and the milky supernatant was run through 
a second time. Nearly all the activity was in the precipitate (C), and the 
opalescent supernatant was discarded. 

Precipitate C was homogenized with 1 liter of cold 0.05 m phosphate 
buffer, pH 7.4, yielding an opalescent brown solution. Saturated NaSO, 
solution,* which had been saturated and stored at a temperature greater 
than 32.4°, was added slowly until Solution C was 28 per cent saturated 
(39 cc. of saturated Na2SO, were added per 100 ec. of Solution C). This 
was allowed to stand for 5 or 10 minutes at room temperature, and the 
solution was centrifuged for 10 minutes at top speed in a Servall SS-1 
centrifuge. The denatured lipide-containing protein precipitate usually 
rose to the top during this centrifugation and the Supernatant D> 28 
was poured off around it. 

Saturated Na:SO, was added to Supernatant D>28 with stirring to a 
saturation of 40 per cent (20 cc. of saturated Na»SO, per 100 ce. of Super- 
natant D>28). After 10 minutes, this precipitate (Des_4o), which con- 
tained nearly all the enzyme activity, was spun off in the Servall SS-1 
centrifuge and taken up in 100 cc. of 0.05 m phosphate buffer, pH 7.4, 
and saturated NaSO, was added to bring the final saturation to 28 per cent. 
Solution Deg_49 was placed in an ice box at +5° and left overnight. Micro- 


3 In all salt fractionation steps, saturated Na2SO, (49 gm. per 100 gm. of H,0), 
stored at 35-38°, was employed. 

4 By increasing the Na.SO, saturation of the Supernatant D>40 to 46 per cent, 
catalase crystallized out. The recrystallized catalase had the same physical prop- 
erties and activity as that obtained by Dr. Margaret Hunter of Harvard University 
from beef liver by a different procedure. 
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crystals of the enzyme usually formed during this period and were easily 
differentiated from the large Na2SO, crystals which also settled out. After 
the preparation was warmed to bring the Na,SO, crystals into solution, the 
enzyme crystals at a purity of 20 to 50 per cent were separated by Servall 
centrifugation. Difficulty was occasionally encountered in obtaining crys- 
tals of the enzyme. In such cases, the enzyme was reprecipitated in an 
amorphous form with NaSQOx,, dissolved in a small volume of phosphate 
buffer readjusted to 28 per cent saturation with saturated Na:SO, solution, 
and stored at 0° for several days. Crystallization of the enzyme was most 
common in solutions from which Na»SQ, crystals had settled out. Oc- 


TaB_e I 


Sample Protocol of Glutamic Dehydrogenase Purification Preparation of 
September 18, 1950 




















Fraction Volume pape Bo Total activity* Total protein 
liters gm. 
A 16.3 3.22 2,260 ,000 704 
Bs kc 16.7 0.13 60,000 471 
Bp 2.59 7.14 2,220,000 312 
Cg 3.20 1.88 214,000 114 
Cp 1.25 9.84 1,390,000 142 
cc. 
Do-_28 800 5.35 484 ,800 90.4 (Turbid) 
Dos—40 141 111.5 504,000 4.5 
Dg 1190 1.45 24,500 17.1 
Ept 106.5 260 230 ,000 0.89 
Eg 152 3.8 2,700 0.71 





* Assayed by Method I. 
{ Crystalline enzyme (impure). 


casional warming and cooling of these enzyme solutions also aided crystal 
formation. ‘The enzyme solutions were stored either in 28 per cent satu- 
rated NaSO, solution at +5° or in the frozen state in 0.2 m phosphate 
buffer, pH 7.4, with very little loss of activity over several weeks time. 

Further purification was brought about by recrystallizing the enzyme 
from NaSO, solution. The impure crystals were taken up in 0.2 m phos- 
phate buffer, pH 7.4, and saturated NaSO. was added to 28 per cent 
saturation. The solution either remained clear, a yellow cast developed, 
or an amorphous precipitate formed. However, upon storing overnight at 
+5°, microcrystals appeared. The crystals were fine colorless needles, 
often arranged in rosette-like clusters. Contrast was improved by a 24 
hour treatment with dilute methylene blue solution. 

A summary of the activity units and protein units present at each step 
of fractionation is given in Table I. 
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Fractionation of Recrystallized Enzyme Preparations—By repeated recrys- 
tallization of the enzyme from Na2SOQ, solution, a level of constant specific 
activity was reached and maintained (Table II). Fractionation of a prepa- 
ration recrystallized five times also yielded fractions of constant specific 
activity (Table II). Fractional ethanol precipitation of a highly purified 











TaBLeE II 
Fractionation of Enzyme Recrystallized Three Times with Warm Saturated Na,SO, 
Fraction Specific activity* 
Recrystallizationt 
Bip sas es ee PS ie, PO a ec 44.2 
WR asco sed un ERAS SPS REL ee os a Oe 38.5 
SO Ee oe Sete See RG Dee e ene naR ESR 45.4 
«5 UNE it i. tect a ae me OO 7 32.3 
Raa eee ha ee Ra inna eRe ag Rete Ged os Dravate Meas eA 36.0f 
°F RR SADR AIOER Pancde aboard Ctr ran it RTE MG Ra eS 36.4f 











MDa ae ceases tie Feat he ee es eee FFM Cece a eee 40.3 
CERIN arb “RIE teal 5 3 S oT a aCn  , ar 44.7 
ROA cco ova oe I Agee Se A ee Le 45.8 








* Assayed by Method I. 

+ 53.5 cc. of Fraction K, containing 8.75 mg. of enzyme per ce. with a specific 
activity of 39.7, were treated with saturated Na.SO, to a solution saturation of 32 per 
cent. After storage at 0°, the crystalline precipitate was removed by centrifugation 
and dissolved in 0.2 Mm phosphate buffer, pH 7.4. The specific activities of precipitate 
(Lo-s2) and supernatant (Ls) were determined by Method I. Further crystalliza- 
tions were carried out in a similar manner. 

} The calculated specific activities were low in this case due to the use of a lower 
DPN concentration in the assay. 

§ 5.0 cc. of No_s2, containing 4.5 mg. of enzyme per ce. with a specific activity of 
36.0 (see ({) above), were fractionated with saturated NasSO, solution. The amor- 
phous precipitates were dissolved in 0.2 m phosphate buffer, pH 7.4, and the specific 
activities were determined by Method I. 


preparation gave similar results (Table III). These observations indicate 
that the enzyme was in a highly purified state. Since the coenzyme con- 
centrations under these assay conditions were limiting, the specific activity 
values given in Table III are not maximal. At higher coenzyme levels, 
specific activities as high as 90 for glutamate oxidation and 950 for glu- 
tamate formation were obtained. These values correspond to turnover 
numbers, calculated as the number of molecules of DPN reduced or of 
DPNH oxidized per 100,000 gm. of enzyme per minute at 25°, of 290 and 
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3000, respectively, for the glutamate oxidation and glutamate formation 
reactions. 


Physical Properties of Glutamic Acid Dehydrogenase 


Electrophoresis—Experiments were carried out in a Perkin-Elmer electro- 
phoresis apparatus (18) with a Longsworth scanning method and in an 
Aminco-Stern apparatus with a Philpot-Svensson optical system. Enzyme 
solutions were dialyzed against the appropriate buffers for 24 to 36 hours 
with stirring at +5°. The preparations were clarified by centrifugation 
and experiments were conducted in the usual manner (19). 

At various hydrogen ion concentrations between pH 6 and 9, a single 


Tas.e III 
Fractionation of Four Times Recrystallized Enzyme with Ethanol 
Preparation of June 21, 1950. 








Fraction Specific activity 
WIRIRINGICBOMIULOIVS 29 5.5: Rae ceo Ge Hs Waa 390 
SEIS SGD ARR Rts area ec GA ce 386 
BBO cha a Se aeRO eres 370 
Puperintnitts, ofr) 2h ire y etie eda etter eee 384 








10.0 ce. of Fraction No_3, containing 4 mg. of enzyme per cc. with a specific ac- 
tivity of 390, were centrifuged, the precipitate was dissolved in 4.0 cc. of phosphate 
buffer, pH 6, T/2 = 0.1, and the solution was dialyzed against 4 liters of the same 
buffer for 12 hours. The enzyme solution was clarified by centrifugation and frac- 
tionated with ethanol at temperatures near the freezing point of the solution. Pre- 
cipitates were removed by centrifugation and dissolved in 3.0 cc. of the same buffer. 
Assays of the fractions were conducted by Method II. 


boundary with a slight skew was observed. Changes in the ionic species 
present, the protein concentration, the ionic strength, and the pH had no 
significant effect on the shape of the curve. The effect of the pH on 
enzyme mobility is given in Fig. 2. 

The instability of the enzyme and its relative insolubility at low pH 
values precluded accurate mobility determinations below pH 6. However, 
rough extrapolation of the values obtained at a more alkaline pH indicated 
that the isoelectric point is probably between pH 4 and 5. 

Sedimentation—Solutions of crystalline glutamic dehydrogenase were di- 
alyzed against potassium phosphate, pH 7.7, T'/2 = 0.1 for 24 to 36 hours 
at 5°. The protein was sedimented in an air-driven Bauer-Pickel ultra- 
centrifuge in some experiments and in a motor-driven Spinco ultracentrifuge 
in others. Photographs were taken at convenient intervals and the plates 
were analyzed by standard methods (20). The partial specific volume, as 
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determined by pycnometry (20), was 0.75. The observed sedimentation 
constant was determined in the customary way (20) and corrected to 
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Fig. 2. The effect of pH on the electrophoretic mobility of glutamic acid dehydro- 
genase. The experiments were carried out at 0-1°. Phosphate buffer, T/2 = 0.1, 
was employed in all runs from pH 6.1 to 7.5, except for the run at pH 7.4 in which 
potassium phosphate, '/2 = 0.27, was used. Na veronal, '/2 = 0.1, was used above 
pH 7.5. The duration of the runs varied from 4000 to 10,000 seconds and the protein 
concentration ranged from 0.6 per cent to 2.2 per cent. 





30} 
266 


8 





$20,w x 10" 


S 








¢. 5 10 15 
MG. G.A.D. PER ML. 

Fig. 3. The effect of protein concentration on the corrected sedimentation con- 
stant. Dialyzed protein solutions with enzyme concentrations from 0.08 per cent 
to 1.0 per cent in 0.05 m potassium phosphate, pH 7.4, were employed. The solution 
with 0.08 per cent protein was the supernatant remaining after a run at a higher 
concentration (0.86 per cent) from which most of the protein had been sedimented. 
This supernatant was mixed and reexamined. Exposures were taken at 8 or 16 min- 
ute intervals and the plates were analyzed with a micro comparator. The rotor speed 
was 42,040 or 50,740 r.p.m., and the average temperatures varied from 24-26°. The 
sedimentation constants were corrected to sedimentation in water at 20°. 





sedimentation in water at 20°. The corrected values are plotted against 
protein concentration in Fig. 3. Extrapolation of these values to zero pro- 
tein concentration gave a sedimentation constant of 26.6 X 10- second. 
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At protein concentrations greater than 0.25 per cent, a single peak was 
observed. The leading edge was hyper sharp, however, and the trailing 
edge decreased gradually with no shoulder in evidence, as seen in Fig. 4. 

At a protein concentration lower than 0.25 per cent, on the other hand, 
a decrease in the sedimentation constant occurred. At the conclusion of 
several ultracentrifuge runs at different enzyme concentrations, the gels 
(sedimented protein) were separated from the supernatants. The specific 
activities of all the fractions were roughly the same. 

In view of the relatively constant specific activities found in enzyme 
solutions in which the observed sedimentation constant varied from 16.2 s 
to 26.6 s, it is likely that the non-Gaussian peak observed upon ultra- 
centrifugal analysis of crystalline glutamic dehydrogenase is due to the 





Fic. 4. The sedimentation of glutamic acid dehydrogenase as a function of time. 
A dialyzed enzyme solution containing 1 per cent protein in 1 mM NaCl, 0.05 m potas- 
sium phosphate, pH 7.5, was employed. Rotor speed, 42,040 r.p.m.; exposure times 
in minutes and bar angles, 0 (70°), 16 (70°), 32 (50°), 40 (50°), 48 (50°); temperature, 
26.1° (initial), 26.7° (final). 


dissociation of the molecule or to its unfolding rather than to the presence 
of an impurity. 

Diffusion—Diffusion experiments were carried out in an Aminco-Stern 
electrophoresis apparatus. The protein solution was dialyzed for 24 to 36 
hours against two changes of potassium phosphate, pH 7.0, [/2 = 0.1, 
containing 0.08 m NaCl, 0.001 m cysteine, 0.001 m ethylenediaminetetra- 
acetic acid, and 0.001 m K glutamate. The above solution was found to 
improve the stability of the enzyme to some degree during dialysis. The 
cell was filled according to the usual electrophoretic procedure and the 
boundary was moved slowly to the center of the cell and sharpened by the 
method of Kahn and Polson (21). Photographs were taken approximately 
every 10 hours for 5 days. The method of Bevilacqua, Bevilacqua, Bender, 
and Williams (22) was employed to determine the zero time correction. 
The diffusion constant was calculated by the area-maximal ordinate method 
from the Lamm formulation (23) 
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where A is the area under the curve, ¢ is the time in seconds, g is the com- 
bined magnification factor, and H,, is the maximum ordinate of the curve 
at time ¢. 

The area was measured by planimetry of the magnified exposure, and 
the average value of H,”t was determined by plotting H,, against 1/ 
Vt corrected and by evaluating the slope of the line by the method of 
least squares. The diffusion constants at 0.27 per cent and 0.90 per cent 























16 
30 
254, 2 | 
Sil ee . 
Oo 20 Elem la 
x / 
x 
= rf 
§ / 
ee 2 et \; 
10) . >. 
? : : Z E : 200 240 280 320 360 
a2 4 6 8 10 » 
MG. G.A.D. PER ML. mi 
Fic. 5 Fic. 6 


Fic. 5. The effect of protein concentration on the corrected diffusion constant. 
Protein concentrations, 0.275 per cent and 0.90 per cent; enzyme in potassium phos- 
phate, pH 7.0, '/2 = 0.1, containing 10 m K glutamate, 10-3 m ethylenediamine- 
tetraacetic acid, and 10~* m cysteine; length of experiments, 400,000 seconds, with 
exposures at intervals of about 40,000 seconds; temperature, C-1°. 

Fic. 6. The spectrum of glutamic dehydrogenase. The spectra of enzyme solu- 
tions containing 0.5 to 1.5 mg. per ce. of protein in 0.2 M potassium phosphate, pH 7.4, 
were determined at room temperature in 1.0 cm. quartz cuvettes with a model DU 
Beckman spectrophotometer. 
protein, corrected to diffusion in water at 20°, are plotted as a function of 
protein concentration in Fig. 5. Extrapolation of these values to zero 
protein concentration gave a value of 2.54 X 10-7 sq. em. per second. 
The dependence of the diffusion constant on enzyme concentration was 
quite small. 

Molecular Weight—From the determined values of the partial molar vol- 
ume, sedimentation constant, and diffusion constant, the molecular weight 
of the undissociated enzyme was calculated (20). The value obtained for 
the molecular weight of glutamic dehydrogenase was 1,000,000 gm. 

The frictional ratio, f/fo, calculated from the experimental data was 1.26, 
and the axial ratios for oblate and prolate ellipsoids of revolution were 5.7 
and 5.0, respectively, as determined from Perrin’s formula (24) for an 
unhydrated molecule. 
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Absorption Spectrum—The absorption spectra of several preparations of 
recrystallized glutamic dehydrogenase were determined in a model DU 
Beckman spectrophotometer. The recorded spectrum is given in Fig. 6. 
The enzyme absorbed maximally at 279 my, and an Exm. value of 9.73 was 
obtained for absorption at that wave-length based on the dry weight of 
protein. 

The ratio of the specific extinction coefficient at 279 my to that at 260 mu 
was determined for ten different crystalline preparations, and an average 
value of 1.6 was found. This value indicates the absence of more than 
traces of nucleic acids or nucleotides in the crystalline protein, as deter- 
mined by Warburg and Christian’s formulation (25). 


DISCUSSION 


No single test available can demonstrate with certainty the homogeneity 
of a crystalline enzyme preparation. However, the probability of such 
homogeneity becomes high when a number of independent criteria are 
satisfied. In the present study the results of recrystallization, fractional 
precipitation, and electrophoretic analysis indicate a high degree of purity. 
Although electrophoretic patterns exhibited a slight skewing, this dissym- 
metry was unaffected by variations in pH, buffer species, ionic strength, 
and protein concentration. Skewness in itself does not necessarily indicate 
that a protein is polydisperse. Highly purified ribonuclease exhibits this 
phenomenon even at its isoelectric point (26), and the diffusion curve of 
1 per cent solutions of crystalline tobacco mosaic virus (27) is very skewed. 
Factors other than heterogeneity which may contribute to these effects are 
the diffusion potential, particle interaction or hindrance, and salt and buffer 
actions (27, 28). 

The non-Gaussian gradient curve obtained by sedimenting crystalline 
glutamic dehydrogenase in the velocity ultracentrifuge may be considered 
as an indication that dissociation or unfolding of glutamic dehydrogenase 
occurs in very dilute solutions. This interpretation is supported by the 
observation that constant specific activities are found in enzyme solutions 
of varying concentrations with differing sedimentation rates, by the lack 
of any other evidence of marked heterogeneity, and by the fact that the 
shape of the sedimentation curve predicted for a dissociating protein of 
the postulated type would be similar to that experimentally observed. 
(Schwert and Kaufman recently reported a similar dissociation of a-chymo- 
trypsin in dilute solution (29, 30).) Historically, the dissociation of proteins 
into smaller components upon dilution, pH variation, treatment with 
ultrasonics, etc., has frequently been shown (31-35). 

Several DPN-requiring enzymes have been found to bind DPN, as evi- 
denced either by a decrease in the ratio of Ego my/H260 mz (36, 37) or by a 
spectral shift in the 340 my absorption maximum of DPNH (38). The 
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high Eyz9 my/E260 mz ratio found for glutamic dehydrogenase indicated that 
an insignificant amount of DPN, if any, is strongly bound to the enzyme 
after purification. Furthermore, experiments conducted with an unmodi- 
fied Beckman spectrophotometer, as well as determinations carried out in 
collaboration with Chance with the sensitive instrument used in studies 
on alcohol dehydrogenase (39), indicated that no appreciable spectral shift 
occurred. 

It is felt that the experimental results obtained in the present investi- 
gation indicate that glutamic dehydrogenase prepared by the procedure 
described is in a high state of purity. Kinetic studies with this preparation 
will be presented in a subsequent paper. 


The authors are indebted to Dr. B. Chance for testing the possibility of 
a DPNH-enzyme complex and to Dr. J. L. Oncley and Mr. C. Gordon of 
Harvard University and Dr. W. R. Carroll of the National Institutes of 
Health for conducting an extensive number of ultracentrifuge experiments. 


SUMMARY 


1. t-Glutamic acid dehydrogenase has been crystallized from beef liver 
by means of a five-step procedure with ethanol extraction at low temper- 
ature, repeated precipitation at pH 5.8, and NaeSO, fractionation. The 
crystals are fine micro needles about 5 yu in length. 

2. The maximal specific activity of the recrystallized enzyme was 90 for 
glutamate oxidation and 950 for glutamate formation. These values cor- 
respond to turnover numbers (moles of DPN reduced or of DPNH oxidized 
per minute per 100,000 gm. of enzyme at 25°) of 290 and 3000, respectively. 

3. The enzyme appears to be monodisperse in fractionation, recrystalli- 
zation, and electrophoretic studies. The apparent heterogeneity observed 
in sedimentation gradient curves may be due to dissociation or unfolding 
of the molecule at high dilutions rather than to the presence of an impurity. 

4, Physical constants of the molecule which have been determined from 
measurements of the partial specific volume and of the observed rates of 
sedimentation and diffusion are as follows: V = 0.75 cc. per gm., se, » = 
26.6 X 10-" second, Doo, » = 2.54 K 10-7 sq. em. per second, M = 1,000,- 
000 gm., f/fo = 1.26, oblate axial ratio b/a = 5.7 (unhydrated), and prolate 
axial ratio a/b = 5.0 (unhydrated). 

5. The specific extinction coefficient at 279 my is 9.73. Conversely, the 
mg. of dry protein can be calculated by multiplying the Ex m, of a solu- 
tion by 1.03. 

6. The ratio of Hx79 myz/E260 m is 1.6. From the spectrum of the enzyme 
no evidence for nucleic acid or DPN binding was found. 
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STUDIES OF METABOLIC TURNOVER WITH TRITIUM 
AS A TRACER 


I. GROSS STUDIES ON THE MOUSE* 


By ROY C. THOMPSON 


(From the Biology Section, Department of Radiological Sciences, General Electric 
Company, Richland, Washington) 


(Received for publication, September 14, 1951) 


The incorporation of deuterium into tissue compounds of experimental 
animals whose body water has been enriched with deuterium oxide and the 
study of these deuterium-labeled compounds in their biological turnover is 
a technique which has been widely and profitably employed by Schoen- 
heimer, Rittenberg, and other workers (1). An inherent limitation in such 
studies, however, is the relatively narrow range between the highest con- 
centration of deuterium oxide that may be safely administered to the 
animal and the lowest concentration which can be analytically distinguished 
from the normal deuterium-protium abundance ratio. This limitation is 
much less stringent when one employs tritium (H®*) as a tracer in place of 
deuterium. With tritium the concentration limitations are those imposed, 
on the one hand, by the maximum radiation which the organism will 
tolerate, and, on the other hand, by the sensitivity of the method employed 
for the determination of tritium activity. The usable concentration range 
in the case of tritium is at least several orders of magnitude greater than 
in the case of deuterium. - The turnover of tritium-labeled compounds 
may, therefore, be followed for longer periods, and one might expect, using 
tritium, to detect components of slow turnover rate (with a consequent 
low level of tritium incorporation) which would be unobserved in similar 
experiments with deuterium. 

Biological turnover studies employing deuterium have, in nearly all 
instances, been limited to relatively short time periods and have dealt with 
specific tissue components. The studies reported here deal with the gross 
retention of tritium by mice and extend over periods as long as 160 days. 


Methods 


The data were obtained from two experiments in which tritium was 
administered as the oxide to mice and the radioactivity followed in the 
body water and in the dry carcass. The animals employed were mature 


* This paper is based on work performed under contract No. W-31-109-Eng-52 for 
the Atomic Energy Commission. 


81 











82 TRITIUM AS TRACER IN METABOLISM. I 


CF-1 mice. They were housed in individual cages and provided with water 
and Purina dog chow ad libitum. Coprophagy was prevented by support- 
ing the animals on wire screen floors and excluding all bedding material. 

Tritium oxide was administered in 0.5 ml. of a physiological saline solu- 
tion injected intraperitoneally. The animals were sacrificed by decapita- 
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Fic. 1. Retention of tritium in short term experiment 


tion, and the entire carcass was ground with 100 ml. of benzene in a Waring 
blendor. Body water was obtained by distilling the benzene suspension 
into an overflow receiver which returned the supernatant benzene to the 
distilling flask and collected the water, which separated as the bottom 
layer. Water recovered by this procedure averaged 64 per cent of the 
total weight of the animal. 

Benzene was removed from the carcass by distillation and the dry residue 
mixed with copper oxide and burned in a combustion tube at 750°. Water 
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formed in the combustion was collected in a double trap, cooled with solid 
CO:. Control experiments indicated complete remgval of tritium activity 
from the sample by this procedure. 

Body water and combustion water were analyzed for tritium by a method 
to be described in detail, by others, in a later publication. It involved 
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Fria. 2. Retention of tissue-bound tritium in long term experiment 


conversion of the water sample to acetylene by treatment with CaC, and 
measurement of the radioactivity in the acetylene with a vibrating reed 
electrometer. Values obtained are reproducible within +10 per cent. 


Results 


In the first experiment twelve male and eight female mice were injected 
daily over a 13 day period, each animal receiving a total of 1.2 me. of 
tritium as the oxide. Following the final injection, the animals were sacri- 
ficed at intervals over a 30 day period and body water and tissue-bound 
tritium were determined. The data obtained are presented graphically in 
Fig. 1. Each point represents a determination on a single animal, and the 
considerable scatter of points is thought to reflect primarily individual 
differences in the animals rather than experimental error. This may not 
be true for the last few points on the curve. Activities below about 0.5 
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per cent of the activity present at the end of the injection period are near 
the limit of detection of the analytical method and subject to greater error 
than the +10 per cent previously quoted. 

In order to obtain more precise results over a longer time period, a second 
experiment was performed at higher tritium levels. Seventeen animals 
were injected over a 2 week period, each with a total of 5.5 me. of tritium 
as the oxide. Following the final injection, the animals were sacrificed at 
intervals over a period of 160 days. The data obtained for tissue-bound 
tritium are presented graphically in Fig. 2. The data on body water 
tritium were not significantly different from those obtained in the previous 
experiment, and the values fell below detectable limits before the end of the 
experimental period. 

In neither experiment were any consistent differences noted between male 
and female animals. The points in Figs. 1 and 2 are, therefore, plotted 
without distinction as to sex. 


DISCUSSION 


The curve for body water tritium shown in Fig. 1 indicates, as would be 
expected, an exponential loss of tritium activity over the first several days. 
The slope of the curve corresponds to a biological half life for body water 
in the mouse of about 1.1 days. The rather widely scattered points for 
body water beyond the 10th day scarcely justify the curve drawn through 
these points; however, one would expect the rate of loss of tritium activity 
in body water to decrease with time and eventually become equal to the 
rate of loss of tissue-bound tritium. This follows from the fact that, after 
a sufficient period of time, all body water tritium will be derived from the 
breakdown of tritium-containing tissue compounds. 

In both experiments, slightly less than 10 per cent of the tritium activity 
remaining in the animal at the end of the injection period was not removed 
with the body water and must, therefore, be considered to have been in- 
corporated into the tissue compounds. This “bound” tritium amounts to 
from 0.5 to 1.0 per cent of the total tritium administered. That most of 
this tritium is carbon-bound and not in equilibrium with the body water is 
indicated by the initially much smaller value for the slope of the bound 
tritium curve as compared to that of the body water tritium. 

Conclusions as to the biological half life of the tissue-bound tritium can 
best be drawn from the data of the second long term experiment. As 
shown in Fig. 2, the bound tritium curve can be resolved fairly well into 
two major exponential components with slopes corresponding to biological 
half lives of about 9 days and 90 days. Such a resolution can only be con- 
sidered as a rough grouping of the tritium-binding entities into two classes. 
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There are as many actual components to the curve as there are compounds 
in the animal capable of binding tritium. Further uncertainty attaches to 
the half life of the longer lived component because of the considerable 
scatter of points and the lack of information as to the course of the curve 
beyond 160 days. For this reason the value of 90 days for the half life 
of the longer lived component can be accepted only as an approximation. 
With these limitations in mind, it is still possible to draw certain significant 
conclusions from the data. 

Extrapolation of the “90 day component” shows it to constitute, at the 
end of the injection period, about 0.55 per cent of the total activity present 
in the animal at that time. The “9 day component” constitutes, at the 
end of the injection period, about 6 per cent of the total activity. This 
bound activity has accumulated over the 13 day injection period. From 
this information one can estimate the equilibrium activity which would 
eventually be attained in these two components if tritium injections were 
continued indefinitely. The equation 


No = md 


1 — ¢70.603¢/ 7 


relates the equilibrium activity, No, the activity, N, at any time, ¢, and the 
half life, T, of the component. This equation is applicable to any system 
in which a substance is being formed at a constant rate and is being de- 
stroyed at a rate proportional to the amount present.! Expressing activi- 


1 The simple equation used above is not rigorously applicable to the present situ- 
ation, since the binding of tritium is not proceeding at a constant rate. The rate of 
tritium binding should be proportional to the concentration of tritium oxide in body 
water, which shows peaks after each injection and approaches an equilibrium average 
value only after several days. Once an equilibrium average tritium activity in body 
water is attained, the daily fluctuations in activity should have no significant effect, 
since the average activity over any 24 hour period will remain constant. To deter- 
mine the effect of the initial build up of body water tritium activity, an equation was 
derived which does not assume a constant rate of tritium binding, but assumes 
rather that this rate increases proportionately to the increase in body water tritium 
activity. This equation has the form 


N 


—0. T Tw —0.693¢/T —0.693¢/T 
+ eer, 2 fr a ) 
Tw —T 





No = 


where the symbols have the same significance as described above for the simpler 
equation and 7'w represents the biological half life for body water. By this equation, 
values of No, calculated for the two bound tritium components are, to the nearest 
whole percentage point, the same as those obtained with the simpler equation. 
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ties in the arbitrary units of per cent of total activity remaining at the end 
of the injection period, we have for the “9 day component,” No = (6 per 
cent)/(1 — e~°-6% X 13/9) = 10 per cent and for the “90 day component,” 
No = (0.55 per cent)/(1 — e~°-6% X 18/90) = 6 per cent. 

It is apparent, then, that the potential tritium-binding capacities of these 
two components are of comparable magnitude. If we make the reasonable 
assumption that the compounds which make up the two components con- 
tain about the same percentage of metabolically replaceable hydrogen, we 
may conclude that the mass of these two components is comparable. ‘This 
general conclusion would remain unaltered if the long lived component 
of Fig. 2 were drawn with a half life as short as 50 days or as long as 150 
days. 

This finding is in essential agreement with that of other workers who 
have estimated the size of the nitrogen pool involved in the “dynamic state” 
by the mathematical treatment of data on the rate of excretion of N°. 
Hoberman (2) calculates that 51 per cent of the total proteins of rats is 
involved in the dynamic state. Sprinson and Rittenberg (3) conclude that 
28 per cent of the carcass proteins of rats is involved in the dynamic state 
and only 6 per cent of the carcass proteins of man. 

The use of tritium as a tracer for hydrogen may be justifiably criticized 
in view of the 3-fold mass difference between protium and tritium. Such 
criticism could be applied with only slightly less justification to the use of 
deuterium, whose legitimacy as a tracer for hydrogen in metabolic studies 
has never been unequivocally demonstrated. With the availability of two 
“labeled”? hydrogen isotopes it should be possible to compare their biologi- 
cal utilization and settle this disturbing question. Such a comparison is 
being undertaken in this laboratory. Preliminary results of such a study 
have already appeared from another laboratory (4), but were of an incon- 
clusive nature. 


SUMMARY 


Tritium, as the oxide, was administered to mice by intraperitoneal injec- 
tion. The retention of tritium activity in the body water and in the dry 
carcass was determined. The biological half life of body water in the mouse 
was found to be approximately 1.1 days. The curve of loss of tritium from 
the tissue-bound state was resolvable into components of 9 day and 90 day 
half life, which were shown to be of comparable tritium-binding capacity. 
These components are thought to represent, respectively, the group of 
relatively dynamic body constituents and the group of relatively stable 
body constituents. 
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PHOSPHOHEXOKINASE IN HIGHER PLANTS* 
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ROSAMUND S. BAKER 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial Chemistry, 
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Albany, and the Kerckhoff Laboratories of Biology, California Institute of 
Technology, Pasadena, California) 


(Received for publication, January 7, 1952) 


Glycolysis in higher plants has been generally supposed to take place, at 
least in part, by the Embden-Meyerhof sequence of reactions as found in 
yeast and muscle tissue. Tanké (1) and Hanes (2) were able to demon- 
strate the formation of fructose-1 ,6-diphosphate!' in pea meal suspensions 
incubated with inorganic phosphate. These workers, together with Somers 
and Cosby (3), have shown that there exist, in pea seed, enzymes which 
catalyze the following sequence. 


PO + starch — glucose-l-phosphate — glucose-6-phosphate — fructose-6-phos- 
phate 


In addition, Stumpf (4) has observed the formation of pyruvic acid from 
FDP in the presence of a soluble pea meal enzyme and arsenate, thus in- 
dicating the operation of the remainder of the glycolytic reactions with the 
exception of the step by-passed by arsenate. We are now able to complete 
the evidence for the operation of the Embden-Meyerhof scheme in a higher 
plant with information on three enzymes: phosphohexokinase, phospho- 


‘glyceric acid kinase, and hexokinase. The first of these catalyzes the 


reaction 
F-6-P + ATP — FDP + ADP 
while phosphoglyceric acid kinase catalyzes the reaction 
1,3-Diphosphoglyceric acid + ADP > Sphodhiokdy verte acid + ATP 


The present communication concerns the partial purification and char- 
acterization of phosphohexokinase. Subsequent communications will deal 
with phosphoglyceric acid kinase and the third enzyme associated with the 
glycolytic scheme, hexokinase. 


* Enzyme Research Division Contribution No. 148. Report of work supported in 
part by the Herman G. Frasch Foundation for Agricultural Chemistry. 

1The following abbreviations are used throughout: fructose-1,6-diphosphate, 
FDP; fructose-6-phosphate, F-6-P; adenosinetriphosphate, ATP; adenosinediphos- 
phate, ADP; tris(hydroxymethyl)aminomethane, THAM. 
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EXPERIMENTAL 


Assay for Phosphohexokinase Activity—Enzyme activity was measured 
by determining the amount of FDP formed from F-6-P and ATP under the 
conditions described below. 

To a solution containing 0.25 ml. of 0.1 m F-6-P, 0.25 ml. of 0.04 m 
ATP, 0.20 ml. of 0.15 m THAM-HCI buffer, pH 8.5, and 0.05 ml. of 0.2 u 
MgCh, was added 0.25 ml. of enzyme solution. The ATP and F-6-P 
solutions were prepared from commercial products, freed from Bat+ with 
K.SOx,, and adjusted to pH 8.5. The F-6-P employed throughout these 
experiments was chromatographically homogeneous except for the presence 
of a trace of inorganic phosphate. The ATP was, however, only 70 per 
cent pure; the necessary correction was applied in computing concentra- 
tions. 

After incubation for 30 minutes at 37° the reaction mixture was treated 
with 1.0 ml. of 5 per cent trichloroacetic acid. A time zero control was 
obtained by introducing the trichloroacetic acid prior to the addition of 
enzyme. After removal of the protein by centrifugation, 1.0 ml. of the 
supernatant was neutralized with 0.5 ml. of 0.3 nN NaOH and then treated 
with 0.5 ml. 0.15 m THAM-HCI buffer, pH 8.5, and 0.5 ml. of 0.25 m 
NaCN, pH 8.5 (freshly prepared). This mixture was incubated with 
0.1 ml. of aldolase at 37° for 10 minutes, following which two aliquots of 
0.5 ml. were withdrawn. In one aliquot the amount of inorganic phos- 
phate was determined directly by the method of Allen (5); in the other, 
inorganic phosphate was determined after 15 minutes hydrolysis with 0.5 
ml. of 2 Nn NaOH at room temperature, followed by neutralization with 
1.0 ml. of 1.0 Nn HCl. 2 moles of alkali-labile phosphate are liberated per 
mole of FDP present. This determination is essentially similar to that 
described by Herbert et al. (6). 

Aldolase obtained from rabbit muscle at the first precipitation stage by 
the method of Taylor et al. (7) was suitable for our purpose. An aqueous 
solution of this precipitate (containing 0.51 mg. of protein nitrogen per 
ml.) was stored in 0.25 ml. portions at —20° until needed. Aldolase 
handled in this way was still satisfactorily active after 9 months of storage. 
Before use in the assay, it was diluted 1:10 with water. 

The unit of phosphohexokinase activity was arbitrarily defined as that 
quantity of enzyme which produces 10 y of alkali-labile phosphate per 
reaction tube in 30 minutes. Fig. 1 shows the relationship between 
enzyme units and FDP formed with increasing amounts of a partially 
purified enzyme preparation described below. 

Preparation of Enzyme from Pea Meal—Phosphohexokinase was pre- 
pared as follows: Pea seed meal (40 mesh), Alaska variety, was suspended 
in 2 to 4 times its weight of cold (2°) water for 30 minutes and agitated 
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occasionally. This mixture was centrifuged (16,000 < g) for 20 minutes. 
The supernatant was poured off and adjusted to pH 7.5 with 2 n NaOH 
and made 28 per cent saturated with respect to ammonium sulfate by the 
addition of the proper volume of saturated ammonium sulfate solution, 
pH 7.5. After standing 30 minutes, the mixture was centrifuged 20 
minutes at 16,000 X g and the supernatant made 38 per cent saturated 
with the required volume of saturated ammonium sulfate solution. The 
precipitate collected after 30 minutes standing and 20 minutes centri- 
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Fie. 1. Standard assay curve for phosphohexokinase. The substrate contained 
0.25 ml. of 0.1 m F-6-P, 0.25 ml. of 0.04 m ATP, 0.20 ml. of 0.15 m THAM-HCI buffer, 
pH 8.5, and 0.05 ml. of 0.2 m MgCl,. The enzyme was contained in 0.25 ml. of H,0. 
Total reaction volume, 1.0 ml. Reaction time, 30 minutes; temperature, 37°. 

Fig. 2. Effect of pH of reaction mixture on phosphohexokinase activity. Condi- 
tions as in the standard assay except that the composition of the buffer was varied: 
@, 0.15 m acetate buffer; O, 0.15 m THAM-HCI buffer. 


fugation at 16,000 X g was dissolved in a volume of water equal to ap- 
proximately one-third of the original volume of extract and dialyzed with 
gentle agitation against three changes of 40 volumes of freshly prepared 
10~ m cysteine. All preparative procedures were carried out at 2°. The 
above fractionation resulted in a 6-fold increase in specific activity, as 
based on units of activity per biuret density value determined as follows: 
X ml. of protein and (2 — X) ml. of water are added to 8.0 ml. of biuret 
reagent prepared aceording to Gornall et al. (8). After 20 minutes the 
optical density is determined in an Evelyn colorimeter with a 540 my 
filter. 


pH Optimum—tThe plot of activity of phosphohexokinase as a function of 
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pH, Fig. 2, shows a sharp maximum at about pH 6 and another maximum, 
approximately 15 per cent lower, at pH 9. Acetate buffer was used in the 
pH range 4 to 6, while THAM was used above pH 6.0. This double peak 
has been repeatedly verified and is probably not caused by the change in 
buffers, since identical activities were obtained with acetate and with 
THAM buffers at pH 6.0 and 6.5. 

The more alkaline region was chosen for the standard assay procedure 
because the relative broadness of the pH optimum made precise pH control 
unnecessary. The more alkaline pH also tended to suppress interference 
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Fic. 3. Effect of temperature on phosphohexokinase activity. Conditions as in 
the standard assay except that the temperature was varied. 

Fic. 4. Graphical determination of energy of activation of FDP synthesis by 
phosphohexokinase. Slope, —815 deg!. Energy of activation, 3700 calories per 
mole. 


by any contaminating phosphatase, since the optimum of this enzyme is at 
pH 6.0 or lower. The unusually wide range over which phosphohexo- 
kinase shows appreciable activity, pH 5 to 11, is noteworthy. 

Temperature Optimum and Energy of Activation—The temperature 
optimum of the phosphohexokinase reaction was 38° as determined by 
30 minutes incubation of the enzyme in the standard reaction mixture at a 
series of different temperatures (Fig. 3). A calculation of the energy of 
activation based on the low temperature portion of the plot of log activity 
versus reciprocal absolute temperature yields a value of 3700 calories per 
mole (Fig. 4). 

Temperature Stability—Portions of a purified preparation of phospho- 
hexokinase were allowed to stand. at three different temperatures for 
varying lengths of time and the activity was determined at 37° by the 
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standard assay procedure. The enzyme was stable at —5° for as long as 
2 weeks, but did lose over 50 per cent of its activity in 20 hours at 2°, and 
more than 90 per cent in 6 hours at 25°. 

Fig. 5 shows the effect of exposing the enzyme for 2 minutes to various 
temperatures above 25°, followed by assay at 37°. 

Metal Requirements—The presence of Mg+ was essential to phospho- 
hexokinase activity. Fig. 6 illustrates the influence of Mg++ concentra- 
tions on the rate of the reaction. The optimum Mgt concentration was 
about 0.01 mM, and above this concentration inhibition occurred. CuSO, 
and ZnSO, at the same concentration were completely ineffective in 
replacing Mg++, but MnCl was about half as effective at 0.01 m. As 
seen in Table I, Cu** was actually a potent inhibitor. Since MgSO, 
and MgCl, were interchangeable, the effects were due only to the cation. 
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Fig. 5. Stability of phosphohexokinase as a function of temperature. The en- 
zyme was held for 2 minutes at the temperature indicated and then assayed under 
standard assay conditions. 

Fia. 6. Effect of Mg*t* concentration on phosphohexokinase activity. Conditions 
as in the standard assay except for Mg** concentration. 


Inhibitors—Of a number of substances tested for their inhibitory effect 
on phosphohexokinase the following were ineffective: NaF (0.01 m), KCN 
(pH 8.5, 0.03 m), cysteine (pH 8.5, 0.025 m), fructose (0.04 m), glucose 
(0.04 m), sucrose (0.04 m), NaN; (0.005 m), Be(NOs)2 (0.005 m). Those 
substances effective as inhibitors are listed in Table I. In all cases in which 
inhibition occurred, it was demonstrated that the effect was not caused by 
interference with the aldolase reaction in the assay. 

Effect of Substrate Concentration—Affinities of phosphohexokinase for 
its substrates as expressed by the Michaelis-Menten constants, K,, were 
determined as follows: Reaction mixtures of 2 ml. containing ATP (0.0059 
M), MgCle (0.0059 m), enzyme, and concentrations of F-6-P varying from 
0.005 to 0.05 m were incubated for 20 minutes at 37°. The resulting data 
were analyzed by the Lineweaver-Burk method (9). The K, for F-6-P, 
as determined graphically, is 7.1 X 10-* m (Fig. 7). 
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The corresponding constant for ATP was determined in a like manner, 
except that the F-6-P concentration was fixed at 0.025 m and the ATP 
concentration varied from 0.001 to 0.016 m. The K,, as calculated from 
Fig. 8, is 2.4 X 107 M. 


TABLE I 
Inhibitors of Phosphohexokinase 











Substance Concentration Inhibition 
M per cent 
Ly UP ya lee a 0.01 100 
SOSA TEARS SEA a 0.005 51 
BRT ARMY. c Mei. dowel gy he ate 0.005 96 
ett 5), Selvin artes ea i 28 San the aid Qeaianee 0.005 73 








Standard assay conditions; 13 units of enzyme. 
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Fic. 7. Graphical determination of Michaelis-Menten constant for F-6-P in phos- 
phohexokinase reaction. Conditions of activity determinations as in Fig. 1 except 
that the concentration of F-6-P was varied and the reaction time was 20 minutes. 

Fic. 8. Graphical determination of Michaelis-Menten constant for ATP in the 
phosphohexokinase reaction. Conditions of activity determinations as in Fig. 1 
except that the concentration of ATP was varied and the reaction time was 20 min- 
utes. 


In the determination of the two constants, two assumptions have been 
made, neither of which is entirely valid: (a) that the substrates are chemi- 
cally pure, and (b) that the reaction velocities as determined are propor- 
tional to initial rates. The values which have been obtained are therefore 
only indicative of the order of magnitude of the Michaelis-Menten con- 
stants. 

Substrate Specificity—Phosphocreatine, phosphoenolpyruvate, cocarbox- 
ylase, pyrophosphate, and p-nitrophenylphosphate were all unable to 
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replace ATP. Adenosinediphosphate proved to be half as effective as 
ATP under the standard assay conditions. The apparent activity of 
ADP may well have been due to the presence of myokinase in the enzyme 
preparation.” 

Glucose-6-phosphate is able to function as well as F-6-P, but, owing to 
the possible contamination of the enzyme with phosphohexose isomerase, 
no conclusion is warranted in regard to the ability of the enzyme to utilize 
glucose-6-phosphate directly. Glucose-1-phosphate, glucose, and fructose 
are unable to replace F-6-P. 

Occurrence of Phosphohexokinase in Higher Plants—Some information 
on the occurrence of phosphohexokinase in higher plant materials in 








Taste II 
Phosphohexokinase in Some Plant Tissues 
Plant Tissue used — | Push Mreight’ | biuret density 

Avena sativa (oats, var. Victory) Seed 13.3 6.0 
Citrus (orange, var. navel) Flavedo 0.0 0.0 
Helianthus annuus (sunflower) Fruit 6.7 2.4 
Lycopersicum esculentum (tomato) Seed 3.3 0.8 
Pinus ponderosa (ponderosa pine) Pollen 187.3 44.3 
Pisum sativum (pea, var. Alaska) Leaf 20.1 52.0 

Seed 260.0 74.5 
Raphanus sativus (radish) ce 50.0 8.1 
Soya hispida (soy bean) “ 73.3 6.4 
Vicia faba (Windsor broad bean) oe 96.7 18.1 
Zea mays (corn) ia 53.3 41.7 














addition to pea meal is summarized in Table II. Unless otherwise indi- 
cated, the enzyme preparations were obtained by grinding the plant mate- 
rial to 20 to 40 mesh size in a micro Wiley mill, extracting the meal with 
2 times its weight of water for 1 hour, and centrifuging. The superna- 
tant was finally dialyzed for 4 hours against 10~* M cysteine before assay- 
ing by the usual procedure. All preparative operations were performed 
at 2°. The orange flavedo was extracted with its own weight of 0.2 m so- 
dium acetate. After 1 hour the supernatant obtained by centrifugation 
was dialyzed 11 hours against 10-* m cysteine. 3 gm. of pine pollen were 
made into a paste by grinding with 20 ml. of water and a few drops of 
toluene. The paste was then dialyzed overnight against 10-* m cysteine 
and used directly. In all cases the enzyme preparations were adjusted 
to pH 8.5 prior to assay. 


2 The presence of myokinase in pea meal extracts has now been demonstrated in 
this laboratory, and work on its characterization is in progress. 
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DISCUSSION 


Comparison of phosphohexokinase from pea seed and that isolated from 
yeast (10) and muscle (11) must be limited to the few available points of 
common information. In all cases Mg** was required as a cofactor. The 
heat lability of the pea enzyme was far greater than that of the enzyme of 
rabbit muscle studied by Racker (11). The muscle enzyme lost no actiy- 
ity after 4 minutes at 56°, while 2 minutes at 40° resulted in the loss of 
about 50 per cent of the original activity. 

The inhibition of phosphohexokinase by CuSOu,, iodoacetate, and HgCl, 
would indicate the presence in the enzyme of an essential sulfhydryl group. 
In this connection a rapid loss of activity took place if the enzyme was 
dialyzed against distilled water, owing presumably to oxidation of the 
sulfhydryl group. Dialysis was therefore carried out against 10~* m cys- 
teine. The inhibition by pyrophosphate is probably caused by a binding 
of Mgt. 

The assay for activity by direct measurement of FDP formed during 
the reaction has the advantage over previous manometric and spectro- 
photometric techniques in greater specificity, and offers greater adapt- 
ability to studies of pH optimum of inhibitors, of substrate specificity, 
and of temperature optimum. 


SUMMARY 


1. Phosphohexokinase has been demonstrated to occur in a variety of 
higher plants. 

2. A method for the assay of phosphohexokinase is proposed in which 
aldolase is employed for direct measurement of the fructose-1 ,6-diphos- 
phate formed. 

3. Partial purification of the enzyme from pea seeds has been achieved. 

4. Pea seed phosphohexokinase has been characterized with respect to 
pH optimum, inhibitors, stability, substrate affinities, and substrate 
specificity. 
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THE PREPARATION AND PROPERTIES OF A SOLUBLE 
DIPHOSPHOPYRIDINE NUCLEOTIDE 
CYTOCHROME ec REDUCTASE 


By H. EDELHOCH,* OSAMU HAYAISHI,f ano L. J. TEPLY{ 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, December 26, 1951) 


The transfer of electrons from the pyridine nucleotide-linked dehydro- 
genases to cytochrome c is mediated by a class of enzymes which has been 
termed the cytochrome c reductases (1). Two TPNH cytochrome c re- 
ductases, both flavoproteins, have been purified, one by Haas et al. (1) 
from yeast, and another by Horecker (2) from liver.1 Analogous enzymes 
in the case of DPNH have been implicated in particulate preparations (3) 
and crude extracts (4, 5), but our understanding of their nature and func- 
tion is still fragmentary. 

The relationship between the pyridine nucleotide-cytochrome c reduc- 
tases and the diaphorase discovered by von Euler et al. (6, 7) and Green and 
Dewan (8), and isolated in purified form by Straub (9), remains obscure. 
This enzyme catalyzes the reoxidation of DPNH by dyes, such as methy- 
lene blue, but is incapable of interaction with cytochrome c, the physio- 


.logical oxidant. This inability may be due to a structural modification of 


a native cytochrome c reductase (3, 10). 

On the basis of inhibiton studies, Slater (11) has concluded that a factor 
sensitive to BAL (2,3-dimercaptopropanol) is necessary for full reductase 
activity. More recently Potter and Reif (12) have implicated a similar 
factor, as a result of their studies on antimycin A inhibition. 

From this laboratory Hayaishi (13) has already reported on the prepara- 
tion and assay of a soluble DPN cytochrome c reductase from pigeon 
breast muscle. This paper deals with an improved method for the prepa- 
ration of this reductase. 


* Postdoctoral trainee of the National Heart Institute, 1950-51. Present address, 
Camp Detrick, Frederick, Maryland. 

+ Williams-Waterman Fellow in Enzyme Chemistry, 1949-50. Present address, 
National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, Bethesda, Maryland. 

t Present address, Wisconsin Alumni Research Foundation, 506 North Walnut, 
Madison, Wisconsin. 

1DPN+ = diphosphopyridine nucleotide, DPNH = reduced DPN, TPN*+ = 
triphosphopyridine nucleotide, TPNH = reduced TPN. 
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Materials and Methods 


Pyridine Nucleotides—DPN* (Sigma) was found to be approximately 
60 per cent pure by the hydrosulfite method of Gutcho and Stewart (14), 
or by enzymatic reduction with alcohol dehydrogenase. DPNH was pre- 
pared by the latter method. TPN* (76 per cent purity) was kindly sup- 
plied by Dr. H. Beinert and was converted to the reduced form in the 
Zwischenferment system (15). 

Cytochrome c—This material (Sigma) was found to be about 90 per cent 
cytochrome c, as determined from its extinction coefficient at 550 my (16). 

Antimycin—An alcoholic solution containing 100 y of crystalline anti- 
mycin A per ml. was kindly provided by Professor F. M. Strong. 

Other Materials—Zwischenferment was a gift of Dr. R. S. Schweet. Diol 
(2-amino-1 ,3-propanediol), glycylglycine, and Tris (tris(hydroxymethy])- 
aminomethane) buffers were prepared from commercial preparations. 
Crystalline bovine serum albumin was obtained from Armour and Com- 
pany. 

Test Systems—Enzyme activities were determined spectrophotometri- 
cally with a Beckman DU spectrophotometer. For DPNH cytochrome 
c reductase assays, the experimental cuvette contained 6 X 10-5 mole of 
glycylglycine, pH 8.7, 1.6 X 10-7 mole of cytochrome c, 2.3 X 10~’ mole of 
DPNH, 0.1 ml. of enzyme solution, and water to 3.0 ml. The increase 
in optical density at 550 my was measured at intervals of 1 minute. 

In assays for diaphorase activity, 1.2 X 10-7 mole of 2 ,6-dichlorophenol 
indophenol was substituted for the cytochrome c, and the decrease in op- 
tical density at 600 my was followed. 

If enzyme preparations were diluted to give optical density changes of 
0.015 or less per minute, rates were found to be linear for several minutes. 
In those instances in which linearity was not observed, the extrapolated 
value from zero to 1 minute was used for the calculation of enzyme activity. 
Blanks in the absence of DPNH or in the absence of enzyme produced 
optical density changes of 0.002 or less per minute. Under the conditions 
of the test, the measured activities were found to be linear with enzyme 
concentration over a wide range. 

The unit of enzyme activity has been defined as the amount of enzyme 
producing a change of 1.00 in optical density per minute. The specific 
activity then is the number of units per mg. of protein. 

Protein Concentrations—The weights of enzyme reported are based on 
absorption at 280 my, which was calibrated by using the average of carbon 
(17), nitrogen ((16) p. 161), and biuret (18) values on the preparations of 
highest purity. The carbon and biuret methods were calibrated. against 
crystalline bovine serum albumin. Biuret and nitrogen determinations 
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agreed closely, while carbon analyses indicated slightly higher contents 
of organic matter. 


Preparations from Pigeon Breast Muscle 


Two methods have been developed for the extraction of a soluble DPN 
cytochrome c reductase from pigeon breast muscle; both utilize prelimi- 
nary steps similar to those employed in the preparation of diacetyl mutase 
(19), pyruvic oxidase (20), and a-ketoglutaric oxidase (21). 
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pH 
Fic. 1. Effect of pH on the solubilization of reductase. All samples adjusted to 
pH 7.0 before centrifugation. 


Method A (Acid Extraction)—Fresh pigeon breast muscle was diced and 
homogenized in 3 volumes of 0.01 mM NazHPO, in a Waring blendor for 
90 seconds at 0°. The homogenate was centrifuged (at 0°) for 7 minutes 
at 5000 r.p.m. (in the angle head of the International centrifuge) and the 
slightly turbid supernatant was decanted and brought to pH 5.35 with 
dilute acetic acid. The precipitate which formed was collected by centri- 
fugation at 5000 r.p.m. for 15 minutes. It was then washed with 10 vol- 
umes of cold water and diluted 3- to 4-fold with water. The pH of the 
suspension was carefully adjusted to 4.2 with dilute HCl. The solution 
was stored in the frozen state overnight. After thawing, the pH was raised 
to values ranging from 4.7 to 7.0, and the preparation was centrifuged at 
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16,000 r.p.m. (16,000 X g) in the high speed head of the International 
centrifuge for 20 minutes, the reductase appearing in the supernatant. 


TaBLeE I 
pH Fractionation of Acid-Extracted Reductase 


























Reductase activity Diaphorase activity 
MOE coin tear coors, ok ae aly strana a 4570 17585 46.3 1 7.004 SS 6. | 7.0 
Mg. protein per ml. extract..} 7.1 | 2.5 | 1.38 | 2.0 | 7.1 | 2.5 | 1.3 | 2.0 
AD per min. per mg.......... 0.05 | 0.13 | 0.20 | 0.11 | 0.08 | 0.18 | 0.26 | 0.17 
Activity ratio, reductase to 
GINBNGOEARGS 256.5. /oca8 ee os 0.63 | 0.70 | 0.76 | 0.65 
TaBe II 
Effect of Conditions on Efficiency of Extraction of Reductase 
f Mg. | Specific activity ‘ 
—— Extraction medium Temp- Time protein on, Se Pn 
No. — pa Fe Reduc- |Diapho-| diaphorase 
tase rase 
a min 
1 H,0 43 15 | 0.8 0.02) 0.02 
3% alcohol, 2% (NH,)2SO, 43 16. | 1:6 0.23) 0.56 0.41 
6% “ 4% 3 43 15 | 2.2 0.06) 0.30 0.20 
H20, 2% (NH4)2S0, 43 15 | 2.8 0.11) 0.29 0.37 
3% alcohol 43 15 | 0.40 | 3.25) 2.38 1.4 
2 H,0 43 15 | 0.15 | 0.43) 0.24 1.8 
3% alcohol 43 15 | 0.16 | 0.63) 0.44 1.4 
0%. * 43 15 | 0.18 | 1.387) 0.79 17 
a. * 43 15 | 0.18 | 3.50) 1.90 1.8 
3 5.6% alcohol 45 15 | 0.66 | 12.9 | 8.0 1.6 
112% “ 45 15 | 0.85 | 10.0 | 5.8 1.7 
16.8% “ 45 15 | 0.50 | 9.2] 5.0 1.8 
5.6% - 55 V5) 1.00 | 3:8) 1.7 1.9 
16.8% “ 55 7.5, 0.80 | 1.4 | 0.4 3.6 
4 9% alcohol 0 15 | 0.10} 0.0 | 0.0 
9% “ 25 15 | 0.15 | 0.0 | 0.0 
oy. -* 43 15 | 0.42 | 16.7 | 2.9 5.8 
5 9% “ 43 5 | 0.36 | 12.2 |.4.7 2.6 
we  * 43 18 | 0.36 | 12.0 | 4.7 2.5 
9% * 43 32 | 0.44 | 10.0 | 3.4 2.9 























As can be seen from Fig. 1, solubility of the reductase depends strongly on 
the pH, with best results at pH 4.2. Table I seems to indicate that con- 
siderable variability in specific activity and yield attended the subsequent 
pH adjustment of the suspension at pH 4.2; maximum specific activity 
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appeared at pH 6.1, while maximum yields could be observed at pH 4.7. 
It is interesting to note that, in spite of these variations, the reductase- 
diaphorase ratios seemed to remain essentially constant throughout the 
range tested. 

Method B (Alcohol Extraction)—This method was developed from 
Straub’s procedure (9) for the extraction of diaphorase from pig heart 
preparations. It accomplished in a single step a purification about 5 
times greater than that obtained in Method A, even after subsequent puri- 
fication. The initial homogenization was carried out in the manner al- 
ready described. The preparation was similarly brought to pH 5.35 by 
means of acetic acid, and the sediment collected after centrifugation. 
After washing, freezing, and thawing? at pH 5.35, the residue was collected 
by centrifugation at 5000 r.p.m. for 5 minutes. Extraction was effected 
by suspending the residue in 3 to 4 volumes of 9 per cent ethanol at 42-45° 
for 15 minutes and removing the insoluble protein by centrifugation at 
5000 r.p.m. (2300 X g). Experiments leading to this procedure are sum- 
marized in Table IT. 

Experiment 1 demonstrated that (NH4)2SO, was extracting inert pro- 
tein and not serving any useful purpose in this procedure. Experiments 
1, 2, and 3 indicated that, upon increasing the alcohol concentration, maxi- 
mum efficiency was achieved at 9 per cent. The effect of temperature was 
evaluated in Experiments 3 and 4. Below 25° no reductase was found in 
solution, while at 55° a substantial decline of activity was observed. 

When 0.45 gm. of (NH4)2SO, was added to each ml. of a 1 per cent solu- 
tion of lyophilized powder at 0°, the precipitate showed a 3-fold increase 
in specific reductase activity. 


Properties of Enzyme Preparation 


Diaphorase Activity—The last column in Table II lists the reductase- 
diaphorase activity ratio for various extracts. As can be seen, this ratio 
varies over a wide range and is dependent on the extraction conditions. 

Reductase Activity—The alcohol extraction method usually resulted in a 
very dilute protein solution, 0.02 to 0.05 per cent, with a specific activity 
near 10 units. (NH4,).SO, fractionation further purified the preparation, 
as already indicated. 

Stability—The alcoholic extract lost almost all of its activity upon 
storage at 0° for several days; if frozen, it retained its activity for several 
weeks, while a dry powder, obtained by lyophilization, was stable for 
several months if stored at 0°. 


* The freezing and thawing step in this procedure induces aggregation of the 
colloidal particles, thereby facilitating a sharp separation of the supernatant after 
the alcohol extraction step. 
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Specificity—When equivalent amounts of TPNH were substituted for 
DPNH, no activity was observed. 

pH Optimum—The pH activity curve of the reductase is plotted in Fig. 
2. Identical results were observed, ona relative scale, with enzyme prepara- 
tions obtained with either extraction procedure, although the specific ac- 
tivities varied about 50-fold. Diol and Tris buffers could be substituted 
for glycylglycine in their respective buffering zones without any effect on 
the activity of the preparations. 

Salt Effects—The effects of phosphate, pyrophosphate, chloride, and 
cyanide ions on the two activities have been studied. Pyrophosphate 
(100 um) inhibited reductase activity about 80 per cent but stimulated 



































KD N 
- Z 0.20 7 
a= 4 y, 
a AS 
ie Va * 
am | 0.10 
<w rp 
2 _ REDUCTASE ACTIVITY __| 
o. = ‘ GLYCYL GLYCINE 0.02M 
oO 
a 7.0 8.0 9.0 10.0 
pH 


Fia. 2. The pH activity curve of DPNH cytochrome c reductase 


diaphorase activity. Phosphate and chloride acted in the same manner, 
only the corresponding inhibitions and stimulations were less pronounced 
(60 and 30 per cent inhibition, respectively). Cyanide inhibition of reduc- 
tase activity is probably due, at least in part, to its reaction with cyto- 
chrome ¢ (22). Glycylglycine, the ion used as buffer in the routine assays, 
appeared to have a smaller inhibitory effect. 

Crystalline bovine serum albumin (1 mg.), adjusted to pH 8.7, produced 
only a slight inhibitory effect on both enzyme activities, and no effect on 
the marked response of either test system to pyrophosphate. 


Pig Heart Preparations 


Straub’s purified diaphorase preparations (9) were found to be devoid 
of reductase activity. When pig heart was extracted under conditions 
identical to those developed for pigeon breast muscle, 7.e. at pH 5.35 and 
in 9 per cent alcohol at 45°, an extract similar to that of pigeon breast 
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muscle was obtained, which showed comparable specific activities. TPNH 
was also inactive in this system. 


Inhibition by Antimycin 


Since Potter and Reif have recently shown that antimycin is an inhibitor 
of both the succinoxidase and DPNH cytochrome c reductase systems 
(12), it seemed appropriate to investigate this inhibition with the soluble 
reductase from pigeon breast muscle. With the standard test system, no 
inhibition of either reductase or diaphorase activity could be observed at 
pH 8.7 or 7.7, even at antimycin levels several-fold greater than those 
reported by the original authors. 

When the neutralized suspension of the precipitate at pH 5.35, however, 
was tested spectrophotometrically in the presence of cyanide, inhibition 
of reductase activity was observed at antimycin levels approximately simi- 
lar to those at which Potter and Reif found inhibition. Their findings 
were also confirmed as to the extent of the inhibition, with a maximum 
inhibition of 62 per cent. No inhibition was found in the test for dia- 
phorase activity with the precipitate at pH 5.35 as the source of enzyme. 


DISCUSSION 


A 9 per cent alcohol solution has been employed for the extraction of a 
soluble DPNH cytochrome c reductase from a particulate preparation.® 
In principle, this method resembles that claimed by Morton to yield soluble 
preparations of other hitherto refractory enzymatic activities (23). 

The fact that, with the same procedure, pig heart produced a similar 
activity pattern to that of pigeon breast muscle indicates that Straub’s 
initial extract probably possessed reductase activity, which was subse- 
quently lost or destroyed upon further purification. 

The results with antimycin suggest that the action of this agent may be 
on some site of the insoluble particle affecting reductase activity, but not 
on the reductase protein proper, or, alternatively, that the properties of 
the reductase may be critically dependent on environmental factors, such 
as attachment to larger particles. 

Slater’s BAL treatment was found to inactivate the soluble reductase 
and, therefore, could not be tested. Slater* has similarly found that he 


could not use his procedure with soluble yeast TPNH cytochrome c reduc- 
tase. 


’ Preparations at this stage of purity have been examined in the analytical ultra- 
centrifuge. The sedimentation behavior confirmed the soluble nature of the enzyme. 
‘ Personal communication from Dr. E. R. Slater. 
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SUMMARY 


1. The partial purification of a soluble, DPNH-specific, cytochrome ¢ 
reductase from pigeon breast muscle has been reported. 

2. Pig heart preparations were shown to possess similar activity. 

3. Antimycin was found ineffective as an inhibitor of the soluble reduc- 
tase in marked contrast to its effect on the same activity in association 
with particles. 


This investigation was aided by a grant from the National Heart Insti- 
tute of the National Institutes of Health, and by a grant from the Common- 
wealth Fund. 


The authors wish to thank Professor D. E. Green for his advice and en- 
couragement throughout the course of this investigation. 
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THE PURINE METABOLISM OF ESCHERICHIA COLI* 


By ARTHUR L. KOCH, FRANK W. PUTNAM, anp E. A. EVANS, Jr. 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, January 24, 1952) 


Although many tracer studies on the purine metabolism of higher or- 
ganisms have been reported, there are only preliminary data (1, 2) on the 
purine metabolism of Escherichia coli, strain B, the host of the ‘“T series” 
of bacteriophages. The work presented in this paper was undertaken 
concomitantly with an investigation of the purine metabolism of the virus- 
infected cell (3): The study of the purine metabolism of the uninfected 
cell was undertaken both to investigate the purine metabolism in the host 
and to prepare purines and bacteria for the study of the infected cell. 

Bacteria were grown in synthetic medium supplemented with C**-labeled 
substrates (CO2 or purines). The bacteria were harvested while the cul- 
ture was still in the logarithmic phase of growth, and the purines from 
the various fractions of the cell were isolated, and the radioactivity deter- 
mined. It was found that COe was used for the synthesis of both adenine 
and guanine within the cell and that extracellular adenine and guanine 
were absorbed, utilized, and interconverted. 


EXPERIMENTAL 


Kight experiments were performed. In Experiment 1, the supplement 
was C“Q». In Experiments 2 to 7 and 10 the bacteria were grown in the 
presence of purines, as indicated in Table I. 

Growth Conditions—In Experiments 2 and 3 (Table II), Z. coli strain 
B/3,4,7 was used. However, this strain was found to be genetically 
unstable with respect to phage resistance, and, consequently, in the other 
experiments the closely related strain B/1,5 was employed.!. In Experi- 
ment 2 the medium was prepared as described by Putnam, Kozloff, and 
Neil (6). In the other experiments the amount of NH,Cl was increased 
from 0.01 to 0.1 per cent to insure an adequate nitrogen source. Bacteria 
were grown with vigorous aeration at 37° to the desired titer, as deter- 


* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University 
af Chicago. This report is from a dissertation submitted by Arthur L. Koch for the 
degree of Doctor of Philosophy in the Division of Biological Sciences, University 
of Chicago. . 

! Strains B/3,4,7 and B/1,5 are both one-step mutants of strain B. Apparently 
the mutation only affects the adsorption of phage (4), but see Anderson (5). 
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mined by turbidity measurements (7), and then sedimented and washed 
twice with saline in the cold. 

Chemical Analysis—The bacteria were partitioned by the Schmidt and 
Thannhauser method (8) as modified by Schneider. In Experiments 6 and 
7 the total nucleic acids were isolated by the method of Schneider (9). 
The purine-containing fractions in Experiments 1 and 2 were hydrolyzed 
with 5 per cent H,SQ,, the purines precipitated as the silver salts, and the 
free bases regenerated with HCl. In the other experiments the purine 
fractions were evaporated almost to dryness and hydrolyzed with per- 
chloric acid as described by Marshak and Vogel (10, 11). The individual 
bases were isolated by ion exchange chromatography, under the conditions 
described by Cohn (12). The Dowex 50 cation exchange resin was em- 
ployed in all experiments except in Experiments 7 and 10, in which Dowex 2 
anion exchange resin was used to isolate the pyrimidines in addition to the 
purines. In Experiment 10 all the bases were further purified by chro- 
matography on Dowex 50 columns. Adequate resolution of the ultra- 
violet light-absorbing materials was obtained in all cases. The amount of 
material was estimated with the Beckman spectrophotometer. Extinc- 
tion coefficients were estimated from chromatographically pure bases. 

In Experiment 10, carrier was added to samples of the pure bases for 
N*® analysis. Other samples were deaminated with nitrous acid. Hy- 
poxanthine and xanthine were then isolated from Dowex 50 columns. 

C™ Determination—Unlabeled purines were added as carrier to the sam- 
ples and the purines were precipitated with silver nitrate in the presence of 
an excess of NH,OH. The purines were dissolved in HCl and reprecipi- 
tated as above and then dried. The sample was burned in a micro com- 
bustion apparatus. Barium carbonate samples were transferred to alumi- 
num cups of 3.5 sq. cm. area with the aid of methyl alcohol; the samples 
were counted six times with a flow gas counter for approximately 1000 
counts. Samples were diluted so that the counting rate was between 
90 and 2000 c.p.m. and were corrected to infinite thickness (13). Dupli- 
cate determinations agreed within 5 per cent. In Experiment 10, the 
radioactivity was determined as an infinitely thin sample on aluminum 
planchets. 10,000 counts were taken on all samples. Duplicate deter- 
minations agreed within 3 per cent. 

Radioactive Materials—Radioactive purines were prepared in two ways. 
Bacteria were grown in the presence of C“O. and the purines isolated 
(Experiment 1). The total yield of labeled purines was 0.4 per cent, based 
on 3 me. of C“O:. Adenine was also synthesized from 0.82 mc. of C™- 
labeled formate and 4,5,6-triaminopyrimidine? by the procedure of Clark 

2 Kindly donated by Dr. George Bosworth Brown of the Sloan-Kettering Insti- 


tute for Cancer Research. The C'*-formate and CO, were obtained on allocation 
from the Oak Ridge National Laboratory. 
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hed and Kalckar (14), with a yield of 50 per cent of 8-C'-adenine. The ad- 
enine was isolated chromatographically on Dowex 50 and its purity es- 
and tablished by filter paper chromatography (15). The biosynthetically pre- 


and pared purines were used in Experiments 2 and 3. C-8-labeled purines 
(9). were used in the other experiments. In Experiment 7, C-8-labeled guanine, 
zed isolated from residues of Experiments 4 and 5, was used. 

the 

via Results 

per- Incorporation of CO, into Growing E. coli8—Bacteria were grown in a 


lual sealed system with C™“O,. counting 45 X 10° c.p.m. At the end of the 
ions growth period the specific activity of the CO; had been reduced to 1.5 X 10° 
em- c.p.m. Adenine and guanine from desoxyribonucleic acid (DNA) and 
ex 2 ribonucleic acid (RNA) were isolated from the bacteria and all had a 
the specific activity of 1 X 10°¢.p.m. A sample of DNA guanine was de- 
nro- graded by the method of Heinrich and Wilson (16) and found to contain 





tra- 94 per cent of the total activity of the purine in position 6 of the purine 
t of nucleus. Therefore, this ring carbon had a specific activity of 5 x 10° 
inc- ¢.p.m.5 ; 

5. Incorporation of Purines into Growing E. coli—The results of studies on 
for the incorporation of radioactive purines are given in Table I. As the bac- 
Hy- teria were grown from a small inoculum and the culture was harvested 
5. while still in the exponential phase of growth, the data are a measure of 
am- processes occurring in rapidly growing bacteria. The extent to which 
e of the purines present in the growth medium replace the de novo synthesis 
‘ipi- of purines from ammonium lactate and CO: is a function of the concentra- 
om- tion of the purines in the growth medium. In these experiments the final 
mi- bacterial titer was between 3 and 5 X 108 bacteria per ml., which cor- 
ples responds to a final total purine content of 30 to 50 uM per liter. In Ex- 
000 periments 10 and 7, medium purine was present in high concentration 
een and completely or almost completely repressed de novo synthesis. In the 
ipli- other experiments the amount of purine in the medium was lower than the 
the final bacterial purine content, and, consequently, purines were synthesized 
yum from smaller molecules. 
— ’This experiment was conducted in collaboration with Mrs. Miriam Gollub- 

Banks. 
AYS. 4 Of the initial activity of the molecule, 4 per cent was found in C-8, 1 per cent in 
ited C-2, and 0 per cent in C-4 and C-5. 94 per cent was found in carbons 4, 5,6. Assum- 
ised ing 5 per cent accuracy for the radioactive determinations, the 6 position contains 
Cu. 94 + 1 per cent of the activity of the molecule. 
5It may be calculated that 80 per cent of the C-6 position of the purine was de- 

lark rived from CO,. The assumptions made in this calculation are that (1) CO, produc- 
-"" tion per cell is constant, (2) there is no turnover of purines, and (3) CO, outside the 
os cell is in rapid equilibrium with CO, inside the cell. In view of these assumptions 80 


per cent is a minimum value. 
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In the third column of Table I the utilization of the radioactive substrate 
is computed. It is seen that in these experiments the medium was not 
completely depleted of the labeled purine except in Experiment 6, in which 
the initial adenine concentration was very small. In a qualitative experi- 
ment it was demonstrated that adenine is removed (80 to 100 per cent) 
from a medium initially only 1.24 X 10-* m in adenine. These results 


TaBLe I 
Incorporation of Purines by E. coli 















































| P derived dioactiv Ratio of guanine to 
a us er cent pers ethan radioactive adenine derived frog 
Experi- | Radioactive ee o — a3 
ment No. substrate prs entra 4 iiniins peer | 
— —— —-— | ——_-_-—___—-| RNA | DNA 
RNA | DNA | RNA | DNA | 
Adenine 
uM perl. per cent | | | 
10 249.0 10 100 100 * og 
2 2.6 53 4.0 | 5.5 4.5 6.1 0.90 | 0.90 
4§ 1.63 7 1.72 | 1.13 4.13 2.74 0.41 | 0.41 
5§ 1.63 56 | 1B) ie Pe 4.45 4.93 0.41 | 0.48 
6 0.124 100 | 0.233 1.0 0.233 
! I oars. Piss. 
Guanine 
3 13.9 47 29.9 | 28.9 1420: |.208 2.73 | 2.81 
7 304.0 15 104 &8 1 - 
| 








* Computed from the radioactivity and the purine content of the bacteria. 

{ Computed as the ratio of the specific activity of the isolated purine to the 
administered radioactive purine times 100. 

t Ratio of data from previous columns. 

§ In these experiments non-radioactive guanine was added to the growth medium: 
in Experiment 4, 72.8 uM per liter, and in Experiment 5, 188.0 um per liter. 


show that in the other experiments the purines of the medium were present 
throughout the course of the experiment in high enough concentration to 
be utilized by the bacteria. 

The conversion of one purine to the other is also dependent on the purine 
concentration in the medium. Adenine at concentrations above 2.6 um 
per liter is utilized about equally for the synthesis of cellular guanine and 
adenine, and below this it is used preferentially for adenine components 
of the cell. The conversion of guanine to adenine is not as complete as 


6 Experiment 6 has been repeated with the isolation of both the RNA and DNA 
fractions. Each showed qualitatively similar activities to those for total nucleic 
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the conversion of adenine to guanine, especially at low extracellular con- 
centrations of guanine. When bacteria are grown on a medium contain- 
ing labeled adenine and a large amount of unlabeled guanine (Experiments 
4and 5), the radioactive adenine continues to be used and converted at a 
high rate. The conversion of adenine to guanine is not markedly affected 
by the presence of guanine (compare with Experiments 2 and 6) even 
though de novo synthesis of both purines is probably largely repressed 
(compare Experiments 3 and 7).7 

It will be seen from Table I that in all the experiments the ratio of the 
activity of guanine to that of adenine was the same for RNA as for DNA, 
even though the value of this ratio varies from experiment to experiment, 
depending on the kind and amount of the radioactive substrate. This is 
the more remarkable, since the ratio of the specific activity of RNA to 
DNA varies from 0.73 in Experiment 2 to 1.51 in Experiment 4. 

In Experiment 3 the acid-soluble fraction was investigated and the radio- 
activity of nucleotide adenine determined to be approximately 80 per cent 
of that of the DNA adenine. Other fractions of the bacterial cell, protein, 
ether-alcohol-soluble, and pyrimidines, as well as the respiratory carbon 
dioxide, contained no significant radioactivity. The specific activity of 
these fractions was always much less than 1 per cent of the specific activity 
of the purines. 

N' Experiment—In Experiment 10, the bacteria were grown in a medium 
containing N'*H,Cl and a large amount of radioactive adenine containing 
no excess N'5. Under these conditions essentially all of the purines of the 
bacteria are derived from the adenine of the medium (see Table I). Hy- 
poxanthine and xanthine obtained from the DNA of the bacteria contained 
little N'®. The nitrogen atoms of the rings of adenine and guanine had 
less than 1 and 2 per cent, respectively, of their origin in the N'°H,Cl of 
the medium. This indicates that the nitrogen atoms of the purine ring 
do not exchange with other nitrogenous components of the bacterial cell. 

The N* in the amino groups of the two purines was calculated by com- 
paring the N' content of the original and deaminated purine. Approxi- 
mately 60 per cent of the amino group of guanine and 6 per cent of the 
amino group of adenine had been derived from the N* of the medium. 
Between 85 and 90 per cent of the nitrogen of other constituents of the 
bacteria had been derived from the N' of the medium. Details of this 
experiment are given in the accompanying paper ((3) Table IV). 





acid in Table I. This indicates that the low value of the specific activity ratio of 
guanine to adenine is not the result of the adsorption of adenine onto cells at this 
low concentration. 

7 An experiment has subsequently been performed with the same initial concen- 
tration of adenine in the absence of guanine. The same ratio of specific activities 
was obtained as in Experiments 4 and 5. 
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Nucleic Acid Composition of E. coli—The purine composition of the 
RNA and DNA and acid-soluble fraction of E. cold is listed in Table II, 
It is seen that the composition of the DNA is more constant than that of 
the RNA, and the composition is not noticeably affected by the presence 
of purines in the medium or by strain differences.’ No significant amount 
of a guanine-containing compound is present in the acid-soluble fraction. 
As the number of bacteria was estimated turbidimetrically and since neither 
viable nor total bacterial counts were made, the purine content per bac- 
terilum may be slightly in error. This, however, does not affect the rela- 


tive composition. 
































TaBLeE II 
Purine Composition of E. coli Nucleic Acid 
. DNA RNA | 
: Purine 
, B 1 
mexPehf| titer, > | concentre | — |Acd-soluble 

per mal, medium | Guanine | Adenine Guanine Guanine} Adenine Geenine | 

enine Adenine | 
nu net ts | eats | Lat lnm | | tg 

2t 2.8 2.68 | 16.3 | 11.4°] 1.43 | 50.5 | 28.9 | 1.75 

3t 3.3 13.9 ADL «| 184) |} -4-46:-) B60, | BOS |: 148 2.75 
4t 4.0 74.4 17.4 | 13.5 | 1.29 | 46.9 | 34.4 | 1.36 | 4.06 

5t 3.0 190.0 15.8 | 12.4 | 1.27 | 41.2.) 27:3 | 1.51 | 

PORTA: CPE is 17.0 | 12.6 | 1.85 | 43.4 | 27.5 | 1.57 | 

% standard error§....... 10.0 8.0 16 22 | 























* B signifies bacteria. 
¢ Strain B/3,4,7. 
t Strain B/1,5. 


§ Per cent standard error = /zA2/(n — 1) X 100/average. 


DISCUSSION 


The conclusions that can be drawn from these results are shown sche- 
matically in Fig. 1. 

In rapidly growing £. coli, carbon dioxide is used for the synthesis of 
the 6 position of the purines, as has previously been shown for the rat (16) 
and the pigeon (18, 19). It appears probable that under these conditions 
of growth (synthetic ammonium lactate medium and vigorous aeration) 
. CO, is the major source of the C-6 position of the purine ring‘ and is only 
slightly utilized for the synthesis of other positions in the purine nucleus. 


8 The values obtained for the molar ratio of guanine to adenine differ significantly 
from those obtained by Smith and Wyatt (17) for the DNA of E. coli strain B/r. 
This probably reflects strain differences, as complete recoveries of bases were ob- 
tained in this study as shown by the absence of radioactivities in the non-purine 
fractions of the chromatograms. 
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Carbon dioxide enters to an equal extent into both purines of each type 
of nucleic acid. Therefore it appears likely that CO, is incorporated into 
a common precursor of the adenine and guanine of both DNA and RNA. 

Both adenine and guanine which are present in the growth medium are 
incorporated into the nucleic acids of the bacteria. The facility with 
which purines are utilized and interconverted varies greatly from species 
to species (20-22). . coli very effectively incorporates purines, although 
it does not require them. It also converts adenine to guanine with such 
efficiency that at moderately low levels both adenine and guanine are de- 
rived from the medium to an equal extent. The conversion of adenine 
to guanine is unaffected by the simultaneous incorporation of guanine. 
The conversion of guanine to adenine is less extensive than the reverse 


PURINE METABOLISM OF E.COLI 





MEDIUM BACTERIAL CELL 
ADENINE m—?+— ADENINE ——» NUCLEOTIDE 
- INTERMEDIATE ADENINE 
A 
CO; LACTATE, ——— PURINE RIBOSENUCLEIC 
NH ag PRECURSOR ACID 
| 1) 
GUANINE —- GUANINE +—» DESOXYRIBOSENUCLEIC 
INTERMEDIATE ACID 
Fia. 1 


process. Thus the purine metabolism of EF. coli differs from that of yeast 
(20), Lactobacillus casei (21), and Tetrahymena geleii (22). 

The finding that neither adenine nor guanine present in the medium at 
low concentration is equally used for the synthesis of both purines in 
the nucleic acids of the cell indicates that neither purine is the sole pre- 
cursor of the other. This suggests that preformed purines enter the purine 
metabolism of the cell at a later step than that of the “common purine 
precursor.” Possibly isotope initially present in adenine appears in gua- 
nine through a reversal to this “common purine precursor,” which is sub- 
sequently converted to guanine. 

In Fig. 1 the stages in purine synthesis in which purines of the medium 
enter the de novo pathways of synthesis have been designated ‘‘intermedi- 
ates.” Nothing is implied of their chemical constitution. The fact that 
adenine is utilized by the bacteria when present in extremely low concen- 
trations suggests that the free bases themselves are not the ‘“‘intermediates.”’ 
From the N™ experiment, the conclusion is drawn that the amino group of 
preformed adenine is maintained in the formation of the DNA adenine of 
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the cell. Therefore, the ‘adenine intermediate” must contain the amino 
group. The small amount of N* present in the amino group of DNA ade- 
nine may be attributed to a small degree of deamination and reamination. 

From the observation that the ratios of the specific activity of guanine 
to adenine in the two types of nucleic acid are equal in any experiment, 
in spite of the large variation of their numerical value, it may be inferred 
that purines from the “intermediate” pools are common to the synthesis 
of both types of nucleic acids. 


SUMMARY 


In rapidly growing Escherichia coli CO: is incorporated almost exclusively 
into the C-6 position of all purines. 

Adenine and guanine in the growth medium are utilized for the synthesis 
of purine compounds in the cell. 

Adenine and guanine are interconverted by the cell to an extent which 
varies with the type and concentration of the purine in the medium. 

The purines are drawn from a pool of common intermediates for the 
synthesis of both types of nucleic acids. 

Radioactive purines and bacteria labeled specifically in the purines were 
prepared for the study of purine metabolism during phage growth. 
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BIOCHEMICAL STUDIES OF VIRUS REPRODUCTION 
VIII. PURINE METABOLISM* 


By ARTHUR L. KOCH, FRANK W. PUTNAM, ann E. A. EVANS, Jr. 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, January 24, 1952) 


Previous study (3) of the incorporation, interconversion, and synthesis. 
of adenine and guanine by growing Escherichia coli has provided a method 
for biosynthesis of radioactive purines and for preparation of bacteria 
specifically labeled with C'*-purines. These procedures have now been 
applied to the study of purine metabolism in E. coli infected with bac- 
teriophage Tert+. It was previously shown that the growing bacteria not 
only can synthesize both adenine and guanine from the ammonia, lactate, 
and CO, of a synthetic medium but also can incorporate both purines if 
available. Adenine is converted to guanine and guanine is converted to 
adenine, but no degradation of the ring occurs at carbons 6 and 8, since 
the labeled atoms are not found in non-purine constituents of the cell. 
In bacteriophage-infected EF. coli purine interconversion likewise occurs, 
but at a diminished level. As with normal bacteria, no other metabolic 
transformations of these bases have been found. 

It has already been shown (4, 5) that most of the P and N of the Ter*+ 
nucleic acid is assimilated from the medium after infection of the bac- 
terium. However, 15 to 40 per cent is derived from constituents of the 
cell present at the time of infection. Evidence indicated that bacterial 
nucleic acid, apparently desoxyribonucleic acid (DNA), was the sole host 
precursor of virus DNA. The present experiments demonstrate that host 
purines are utilized intact with respect to the labeled ring carbons and 
amino group for synthesis of virus DNA and that, despite intensive purine 


synthesis, there is no other host nitrogenous source of virus adenine and 
guanine. 


EXPERIMENTAL 


Two kinds of experiments were performed. (1) Labeled bacteria, de- 
scribed in the previous paper (3), were infected in an unlabeled medium 
to study the transfer of host purines to phage. (2) Unlabeled bacteria 


* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. Part of this report is from a dissertation submitted by Arthur L. Koch 
for the degree of Doctor of Philosophy in the Division of Biological Sciences, Uni- 
versity of Chicago. Preliminary reports have been published (1, 2). 
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were infected with phage in a medium containing radioactive purines in 
order to study the incorporation and interconversion of purines. 

The bacteriophage Tsr*+ was propagated and purified as previously de- 
scribed (6). The bacteria were infected with phage at a multiplicity of 
4 to 6 virus particles per cell, thus assuring rapid infection and a single 
virus generation. Synthetic lactate medium containing 0.1 per cent NH,Cl 
was used throughout for the infection medium. 

The purity of all of the phage concentrates was established by infectivity 
measurements and by ultracentrifugal analysis. All preparations had in- 
fectivities between 10-'>86 and 10-!®-%7 gm. of N per phage and were ho- 
mogeneous in the ultracentrifuge. One preparation was tested and found 
to conform to the most rigorous criteria of ultracentrifugal homogeneity 
available (7). 

The phage concentrates were analyzed by chemical partition and chro- 
matography and the isotopic content estimated by the methods described 
for the corresponding experiment in the preceding paper (3). 


RESULTS AND DISCUSSION 





Composition of Tsr*+ Bacteriophage—Approximately one-half of the N of 
this phage is nucleic acid nitrogen, of which the purines account for about 
80 per cent. Analysis of the phage concentrates showed the presence of 
purines in three fractions, DNA, RNA (ribonucleic acid), and acid-soluble. 
The amount of purines present in the RNA and acid-soluble fractions is 
small and variable, 3 to 8 per cent and 2 to 3 per cent, respectively, of the 
total. In purine distribution these two fractions resemble the DNA. In 
view of the possibility that these fractions were contaminated with DNA, 
separate values are not presented. Rather, in Table I, the total purines of 
the phage are given for those phage preparations in which all three fractions 
have been analyzed. 

It is seen from Table I that the phage and host have a significantly dif- 
ferent purine distribution. The phage contains proportionately more ad- 
enine, and its host more guanine. This difference in the purine composition 
of phage and host has been noted by Smith and Wyatt (9) with the strain 
of E. coli they studied and phages T, and T;. It should be noted that host 
DNA adenine could not supply the requirements for phage DNA adenine 
if more than 40 phage particles were produced by 1 bacterium. 

Transfer of Purines from Host to Phage—When phage growth occurs in 
bacteria containing labeled purines, isotope is present in the progeny in 
the purine fraction. Table II shows the results of experiments in which all 
the purines of the host were labeled to the same extent. The N"® data 
indicate that part of the purines of the phage were derived from the host. 
The experiments in which the bacterial cell contained C™“ only in the 
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purines show that adenine and guanine of the phage were indeed derived 
in part from purines of the host. Weed and Cohen (10) have shown that 
the pyrimidines of the host are likewise utilized for the synthesis of the 
pyrimidines of the phage. 

As in the case of growing F. coli the purines are not metabolized further. 
When either C-6- or C-8-purine-labeled bacteria were used, the phage ob- 


TABLE I 


| Guanine | Adenine | Ratio 





Purine Composition of Phage T «r+ and Its Host E. coli 





uM per particle uM per particle 




















Total phage purines*........... 24.5+0.6 X 10°" | 34.44+1.2 X 10°" | 0.72 
DNA purines (calculated)t..... 23.4 X 10-4 | 32.6 x 10-™ | 0.72 
WAR 2 ee iced. 17.0 X 107” | 12.6 x 10-" | 1.35 
* Viable phage determination by plaque count. 
+ DNA purines calculated as 95 per cent of the total phage purines (8). 
t Values taken from the accompanying paper (3). 
Taste II 
Transfer of Purines of Host during Multiplication of Tgr* 
| Per cent phage purine derived | ' 
rom host | Ratio of guanine 
Experiment No. | to adenine derived 
from host 
| Guanine Adenine 
Li. N'8 totally labeled bacteria*.........|_ 21.8 14.0 | 1.56 
ge 8 - “8 SOON Soh) cate 18.8 14.8 | 1.27 
2. 6-C'4-purine-labeled bacteriaf........ 20.0 14.0 1.43 
10. 8-C'-purine-labeled Sait aay Nata rs 34.6 23.5 1.47 








* Data from Kozloff et al. (5). 
} The guanine in the host had 90 per cent of the specific activity of the adenine 
in the host (38). 


tained from them had no significant radioactivity associated with any non- 
purine fraction; 7.e., the pyrimidine, protein, and alcohol-soluble fractions 
had specific activities that were less than 0.2 per cent of the specific ac- 
tivities of purines in the phage concentrates. In one experiment a pure 
sample of thymine was isolated and found to have a specific activity less 
than 0.001 per cent that of the purines. . 

The concept that purines are transferred intact from the host to the 
phage is further supported by Experiment 10 (Table III) which shows that 
the amino groups of the purines are transferred intact; 7.e., the N° of the 
amino group of both adenine and guanine is diluted by new synthesis 
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during the course of phage growth to the same extent as the C“ in the ring, 
In the case of guanine, in which accurate N! determinations were obtained, 
the atom per cent excess of the amino group of phage guanine was 33.4 
per cent that of the corresponding group of the host, while the relative 
radioactivity of the phage guanine was 34.6 per cent. 

From Table II it is seen that in all cases the percentage of guanine derived 
from the host is greater than the percentage of adenine. Considering 
the errors in determination of the isotope, these data are consistent with 
the hypothesis that 1.4 times as much guanine as adenine of the phage are 
derived from the host, and that this ratio is independent of the following 
variables: (1) the number of phage particles arising from a single bacterium 
(in the experiments listed in Table II the step sizes varied from 101 to 287 
phages per bacterium), (2) the method of labeling the bacteria, and (3) 
variations in the extent to which the purines of the phage are derived from 
the host. This ratio of 1.4 is probably correlated with the fact that the 
host contains relatively more guanine than adenine and the phage rela- 
tively less guanine than adenine. However, the extent that the host 
contributes to phage nucleic acid purines is within the range (15 to 40 per 
cent) found previously (4, 5) for the host contribution of phosphorus and 
nitrogen to the phage nucleic acids. 

The experiments thus far presented suggest that phage purine nitrogen 
derived from the host was originally present in bacterial purines. Ex- 
periment 10 was performed to investigate this point. The bacteria were 
grown in a medium containing N'*H,Cl and sufficient 8-C'*-adenine to 
insure that all of the purines of the bacterial cell were derived from the 
adenine of the medium. Accordingly, the ring nitrogen atoms of the 
bacterial purines contained very little N*5, although the remaining nitrogen 
of the bacteria contains at least 50 atom per cent excess. The purine ring 
of phage grown on these bacteria contained very little N', although the 
C* specific activity was greatly reduced. This indicates that most of the 
purines found in the phage had been synthesized from the N“H,Cl of the 
medium subsequent to infection. Thus, no bacterial component present 
in the cell at the time of infection is converted to phage purines except the 
purines of the bacterial cell. The details of the experiment are given in 
Table IIT. 

From the results of Experiment 10, it appears that adenine and guanine 
of the cell are the only source in the host for synthesis into phage nucleic 
acid purines. It is then of interest to investigate whether adenine of the 
host is used only for adenine of the phage, and similarly for guanine, 
or whether the bases present in the nucleic acids of the host are subject 
to the same processes as the free bases of the medium which are inter- 
converted both in the uninfected cell (3) and in the infected cell (see the 
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next section). Two lines of evidence bear on this point. In Experiment 
10 the amino groups appear to be diluted to the same extent as the C“ 
in the purine skeleton. If much interconversion had occurred, the amino 
nitrogen should have been diluted to a much larger extent with the N“ 
present in the growth medium, because it has been shown (3) that the amino 
group is exchanged during the conversion of adenine to guanine. The 


TaBLe III 
Experiment 10. Non-Utilization of Host Sources Other Than Purines for Synthesis 
of Phage Purines and Non-Lability of Host Purine Amino Groups during 
Conversion to Phage Purines* 











N4,¢ atom per cent excess Cut 
Total material Ring Amino group cote ati 
Bacteria 
Lolo a a ee dee <1 36.5 100 
DPRIRRAREAER VAN ho 8c Sete <0.5 3.5-4.0 100 
Li, Re ae aera 51.5 
UO a 55 
Phage 
PURRTEPEN So cick sacs cscs ache saeya <1 12.2 34.6 
ROMEO oo 5 oc ec ees <0.5 0.8-1.4 23.5 
ERYMING 26.2 6055 gel eee 15.1 
ogee © 3.3 

















* The bacteria were grown in a synthetic lactate medium containing 750 mg. of 
N5H,Cl, 62 atom per cent excess, and 201 mg. of 8-C'4-adenine containing no N'5 
and counting 8.0 X 10 c.p.m. per uM as an infinitely thin sample. 

+ All samples were diluted for mass spectrometer analysis, and, consequently, 
the accuracy for the ring nitrogens in particular is not very great. However, the 
actual value is certainly within the limits given. For values not otherwise quali- 
fied the accuracy is +5 per cent. All determinations were done in duplicate. 

t The values given are relative to the specific activity of the adenine in the bac- 
terial growth medium and are accurate to +3 per cent. 


second line of evidence is shown in Table IV. Bacteria were prepared in 
which the guanine had a higher specific activity than the adenine, and other 
bacteria containing adenine having a higher specific activity than the 
guanine. When guanine has the high specific activity, apparently the 
same relative contributions of adenine and guanine of the phage are ob- 
served as when the purines are equally labeled, thus implying that very 
little host guanine is converted to phage adenine. However, when adenine 
has the high activity, apparently twice as much guanine as adenine is de- 
rived from the host, thus implying that some host adenine is converted to 
phage guanine. One may calculate that possibly 10 per cent of the phage 
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guanine was derived from host adenine. Thus, it can be concluded that 
interconversion of the purines is of minor importance during the trans- 
formation of host nucleic acid to phage nucleic acid. 

On the basis of this conclusion the amount of each purine of the host that 
is used for phage synthesis may be calculated from (1) the composition of 
the host and phage, (2) the percentage of the phage purine derived from 
the host, and (3) the yield of phage per bacterium. Experiments I; and 2 


TaBLE IV 
Interconversion of Host Purines during Their Incorporation into Phage Nucleic Acids 





| Per cent phage purine derived from 

|Ratio of specific activities ostt 

of guanine to adenine in| | Rt 
host* 


| Guanine | Adenine | 


Experiment No. 











Higher guanine activity 





3 2.84 | 29.0 21.0 | 1.38 





Both purines equally labeled§ 


Ln, La, 2, 10 | 1.0 | 18.8-34.6 | 14.0-23.5 | 1.27-1.56 








Higher adenine activity 





4 | 0.41 


1 
5 28.7 .86 








31.4 2.12 
i! 





* For the method of preparation of the bacteria see Koch et al. (3). 
t Calculated as the ratio of the specific activity of the purine in the phage to that 
of the corresponding purine in the host times 100. 


t Calculated as the ratio of the percentage of phage purine derived from host of 
guanine to adenine. 
§ See Table IT. 


were chosen for calculation because in these cases all purines were labeled 
approximately equally and high yields of phage were obtained. On the 
assumption that only host DNA is utilized it may be calculated that ap- 
proximately 100 per cent of the DNA adenine and 75 per cent of the DNA 
guanine were used for phage synthesis. Similarly, if RNA were the only 
precursor, 50 per cent of the RNA adenine and 30 per cent of the RNA 
guanine would be needed to supply the host purines used for phage syn- 
thesis. - However, it has previously been shown by Cohen (11) that the 
RNA P of the bacterial cell is not utilized for phage synthesis. By analogy 
this finding can be extended to exclude the participation of RNA purines. 
A distinction cannot be made between RNA and DNA in the present 
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experiments, although nucleic acids are implicated as the source of host 
purines.! Another potential source of phage purines lies in the acid-soluble 
purines of the cell. However, there is essentially no acid-soluble guanine 
in the bacterial cell (3), and the amount of acid-soluble adenine could 
supply only 20 to 30 per cent of the host contribution in Experiments 
I, and 2. These results support the conclusion based on differential label- 
ing with P® (4) and N!® (12) that host acid-soluble compounds do not 
contribute significantly to phage nucleic acid. 

Incorporation of Medium Purines into Infected Cells—When unlabeled 
bacteria are infected with T,r* in a medium containing radioactive guanine, 
radioactivity is found in the phage guanine and to a lesser extent in phage 








TABLE V 
Incorporation of Medium Guanine into Phage DNA 
sae P Phage guanine Phage adenine Ratio of guanine to 
Experiment No. pee derived from derived from adenine derived from 
ea medium guanine medium guanine medium guanine 
uM per i. per cent per cent 
a 5 2.9 0.64 4.5 
g* 80 40 9.2 4.4 
3t 13.9 2.8 

















* The final amount of phage DNA purines calculated from the final phage titer 
and the purine composition (Table I) was for Experiment 8, guanine, 28 u per liter, 
adenine, 39 uM per liter, for Experiment 9, guanine, 9.6 uM per liter, adenine, 14 um 
per liter. 

} This experiment with growing bacteria is included for comparison of the infected 
with the non-infected cell. 29 per cent of the bacterial guanine and 10 per cent of 
the bacterial adenine were derived from the medium guanine. See Table I of Koch 
et al. (8). 


adenine (Table V). In Experiment 8 the purine of the medium could 
supply only a small fraction of the phage purines. In Experiment 9, 
however, a large amount of guanine was present in the medium. It ap- 
pears probable that de novo synthesis of guanine is largely repressed because 
40 per cent of the guanine of the phage was derived from medium guanine, 
and some 20 to 40 per cent was derived from the host nucleic acids (see 
Table IT). 

In the non-infected system at a purine concentration in the medium in- 
termediate between those studied in Experiments 8 and 9, significantly 
more guanine was converted to adenine than with the infected system. 
Thus, it appears that infection of the cell significantly decreases the con- 
version of guanine to adenine. However, the salient point is that the in- 


1 It has since been found that purines, like phosphorus, do not turn over in the 
RNA of the infected cell (A. L. Koch, unpublished experiments). 
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corporation of guanine into the infected cell occurs just as readily as with 
the uninfected cell. . 

The same findings have been obtained with radioactive adenine. The 
infected cells were placed in a medium containing an amount of adenine 
(23 uM per liter) such that, if the cells had not been infected, equal labeling 
of the two purines would be expected. Before lysis had occurred (one- 
half hour), the DNA in the whole suspension was isolated. Under these 
conditions it was found that 14 per cent of the DNA adenine and 3 per 
cent of the DNA guanine had been derived from the adenine of the medium. 
This indicates that adenine is as readily incorporated into the infected 
cell as into the uninfected cell, but is less readily converted to guanine by 
the infected cell. 


SUMMARY 


Purine metabolism during phage synthesis has been studied with C"- 
labeled purines and N'®H,Cl. The following conclusions were drawn: (1) 
Medium purines are incorporated by the infected cell. (2) Adenine and 
guanine are transferred from the host to the phage. (3) Less intercon- 
version of purines occurs in the infected system than in the growing host. 
(4) The purines are not converted into non-purine compounds in the 
system, nor is any nitrogenous compound present in the cell at the time of 
infection used for the synthesis of phage purines, even though a con- 
siderable purine synthesis occurs. (5) Relatively more guanine is present 
in the host and more adenine in the phage. This is correlated with the 
observation that more guanine of the phage is derived from the host than 
adenine. 


The technical assistance of Mrs. Louise MacKenzie, Miss Lucille Palm, 
Mr. Dean Miller, and Mr. Robert Metzenberg is gratefully acknowledged. 
We are indebted to Dr. Lloyd M. Kozloff for advice and help. 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


VY. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF 
SUCCINATE AND t-MALATE 


By HUBERT BRADFORD VICKERY ann CHESTER A. HARGREAVES, II* 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment Station, 
New Haven, Connecticut) 


(Received for publication, February 12, 1952) 


Preliminary experiments have shown (1, 2) that, when excised tobacco 
leaves are cultured in the dark in 0.2 m solutions of potassium succinate or 
t-malate, a marked stimulation of the formation of citric acid occurs. 
Furthermore, leaves cultured in succinate increased in their content of 
malic acid; although culture in t-malate, in the single experiment that has 
been carried out (2), did not lead to an increase in malic acid; on the con- 
trary, a decrease occurred. A more thorough examination of the interac- 
tions of these several organic acid components of tobacco leaves accordingly 
seemed desirable, and the results of experiments in which succinic acid and 
L-malic acid were supplied in culture solution are reported in the present 


paper. 
EXPERIMENTAL 


Samples of twenty leaves each representing ten successive leaf positions 
on the stalk were collected by the statistical method (3) from plants grown 
in the greenhouse in the season of 1950, twenty plants of the lot referred to 
in the previous paper (4) being used after 55 days of growth. The plants 
had been “topped” 12 days before the collection date. The mean fresh 
weight of the ten samples was 304.6 + 3.8 gm., the coefficient of variation 
of the fresh weight being 1.3 per cent. The coefficient of variation of the 
total nitrogen content (5.31 + 0.07 gm. per kilo) was also 1.3 per cent so 
that the samples were satisfactorily uniform in initial composition. 

The experimental technique was identical with that previously described 
(4). The three control samples were cultured respectively in water and in 
0.2 m solutions of potassium and sodium sulfate, the six experimental 
samples in 0.2 m potassium succinate, sodium succinate, and potassium 
L-malate at pH 5.0 and pH 6.0. All of the samples increased moderately in 
fresh weight during the culture period of 48 hours in darkness. Save that 
the color became a little paler and a few leaves showed traces of mottling, 
the appearance was normal. 


* Present address, Department of Chemistry, Yale University. 
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The analytical methods were those long in use in this laboratory (5) 
except that recent improvements in the method for citric acid (6) were 
employed and that succinic acid was determined by a simplification, devel- 
oped by the junior author, of a previously described method (7). 

Determination of Succinic Acid—The organic acids are extracted from a 
1 gm. sample of finely ground dry tissue by the technique of Pucher, 
Vickery, and Wakeman (8) but with the modified apparatus described a 
few years ago (5). The ether is evaporated from the extraction flask after 
the addition of a little water and the residue is made alkaline with 2 ml. 
of 5 N sodium hydroxide. After all of the residue, including the pigment, 
has been brought into solution or homogeneous suspension, 3.5 ml. of 18 n 
sulfuric acid and 5 ml. of cold saturated barium hydroxide are added, to- 
gether with about 0.5 gm. of washed asbestos. The mixture is boiled 
gently for a few minutes and the hot solution is drawn off through a sin- 
tered glass filter stick of medium porosity: into a 150 ml. beaker; sufficient 
hot rinse water was used to make a total volume of 75 ml. The beaker is 
then set into a steam bath and, when the solution is hot, 30 ml. of 1.5 x 
potassium permanganate are added. Heating is continued for 30 min- 
utes, an excess of permanganate being maintained by further additions as 
required. 

The solution is decolorized by the addition of hot 20 per cent sodium 
sulfite solution in small excess (from 5 to 10 ml. required), and is evaporated 
to a volume of 15 to 20 ml. and filtered into the tube of a liquid-liquid 
extraction attachment designed for use in an ordinary Soxhlet apparatus 
((9); see also Quick (10) for a similar device), the total volume with wash- 
ings being about 40 ml. The aqueous solution is stirred until homoge- 
neous and is extracted with ether overnight. 

The ether extract is treated with 5 ml. of water, the ether is evaporated, 
and the solution is transferred to a 50 ml. conical flask in which it is evap- 
orated to dryness on the steam bath. The flask is cooled and the residue 
is treated with 0.2 ml. of concentrated nitric acid and 0.1 ml. of concen- 
trated hydrochloric acid (twice these amounts if the residue is large), the 
flask being rotated until the residue is all dissolved. The flask is then 
carefully heated on the steam bath, being held in a horizontal position to 
prevent loss by spattering of the contents, until the vigorous reaction is 
over. The residual solution is then evaporated to complete dryness and 
the flask is placed overnight in a vacuum desiccator over anhydrous calcium 
sulfate and solid potassium hydroxide. The residue of succinic acid is 
usually crystalline and sufficiently pure for identification by determination 
of the melting point. If a tared flask has been used, the residue may be 
weighed, but it is simpler to determine the quantity of succinic acid present 
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by titration with 0.02 n sodium hydroxide. In routine work, an occasional 
analysis should be sacrificed for the determination of the melting point. 

The recovery in nineteen determinations of from 2 to 20 mg. of pure 
succinic acid was 97.4 + 1.9 per cent. A series of twelve determinations 
on a sample of leaf tissue gave results with a coefficient of variation of 
4.2 per cent. 

Results of Culture Experiments—The extensive uptake of salts from the 
culture solutions is shown by the data for the increase in inorganic solids 
(Table I, Line 1). Determinations were made of sulfur in the samples 
cultured in alkali sulfates as a control on the nature of this increase. The 
results, computed as the respective alkali sulfates (Line 4), agree closely 
with the observed increases in the ash. Determinations of potassium were 
also made. ‘The increase of 119 m.eq. of potassium in the leaves cultured 
in potassium sulfate (Line 6) is equivalent to 10.4 gm. of this salt. The 
close agreement with the result computed from the determinations of sulfur 
furnishes a clear indication that monovalent cations and divalent anions 
were taken up by this sample in the proportion in which they were present 
in the culture solution. 

The increases of potassium in the leaves cultured in potassium salts of 
organic acids agree moderately closely with the changes observed in the 
alkalinity of the ash. 

The most reliable available measure of the uptake of organic acid from 
the culture solution is the alkalinity of the ash of the leaves when, as in 
the present experiments, a large volume of solution is used. The assump- 
tion is implicit that the salt of the organic acid finds its way into the cells 
without selective action at the absorbing membranes as between positive 
and negative ions, a point that has been established for the case of potas- 
sium sulfate. Factors derived from carefully plotted dissociation curves of 
succinic and malic acids were accordingly employed to compute the uptake 
of acid, respectively, at pH 5 and pH 6, from the data in Table I, Line 3, 
the results being shown in Line 7. As was also observed for the uptake of 
citrate (4), more organic acid is acquired by the leaves from culture solu- 
tions at pH 5 than at pH 6. Deduction of the increases of succinic acid 
found in the samples cultured in succinate (Line 14) and of malic acid 
found in the samples cultured in malate (Line 12) furnishes an estimate of 
the quantities of the acquired acids that were metabolized during the 
culture period (Line 8) and these values are computed as percentages of 
the respective uptakes in Line 9. As with culture in citrate, a larger pro- 
portion of the acquired acid was metabolized at pH 5 than at pH 6 al- 
though the differences in the case of succinic acid are so small as scarcely 
to be significant. The result with malic acid appears, however, to be 
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unequivocal. Succinic acid is obviously an extremely active metabolite 
in the cells of this leaf, an inference that can also be drawn from the fact 
that tobacco leaves normally contain little of this substance. Malic acid, 
on the other hand, behaved in a manner similar to citric acid under the 
same conditions; appreciably more than one-half of that furnished in culture 
solution at pH 5 was metabolized, approximately one-half of that furnished 
at pH 6 likewise disappeared. 

The effects upon the citric acid content of the leaves (Line 11) are strik- 
ing. These samples behaved in the normal manner when cultured in 
water; citric acid increased moderately and malic acid decreased as in 
previous experiments, and culture in 0.2 m sodium or potassium sulfate 
had little influence upon this change. Culture in succinate, however, 
stimulated the formation of citric acid to a remarkable extent. In the 
leaves cultured in potassium succinate at pH 5, the increase of citric acid 
was 3 times that in the control leaves cultured in water; in those cultured 
at pH 6 the increase was 5 times as great. In the leaves cultured in 
sodium succinate, the analogous factors were 5 and 7 times, a result that 
may be correlated with the fact that considerably more succinic acid was 
taken up from the solution of sodium salt than from that of the potassium 
salt (Line 7). Culture in potassium malate likewise brought about stimu- 
lation of citric acid formation, the effect being somewhat greater than that 
found with potassium succinate at pH 5 (factor 4.6) but about the same 
at pH 6 (factor 5.4). It would appear that these two acid metabolites are 
almost equally effective in stimulating the formation of citric acid, and 
both enter freely into chemical reaction within the cells. 

Malic acid increased not only in the leaves cultured in malate but also, 
and to a nearly equal extent, in the leaves cultured in succinate. It is 
difficult to escape the conclusion that succinic acid supplied from the culture 
solution was converted into malic acid and, as an average of the four ex- 
periments, about one-third of the succinic acid taken up can be accounted 
for by this chemical change. 

In contrast to the result of a preliminary experiment carried out 2 years 
earlier (2), malic acid increased in the present samples of leaves cultured in 
malate. Although the general behavior of the organic acids in different 
lots of leaves is similar, differences in details are not uncommon. The 
enzymatic conversion of malic to citric acid in the leaves used for the previ- 
ous experiment must have been unusually vigorous and it may be noted 
that the loss of organic solids by respiration was greater than in the pres- 
ent case. 

The oxalic acid content of the present group of samples (Line 13) was 
somewhat more variable than is usually encountered, the coefficient of 
variation being 5.8 per cent. No pattern of change is apparent in the data 
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although the spread is rather wider than might be anticipated from the 
combined sampling and analytical error. 

A small quantity of succinic acid accumulated in the leaves cultured in 
succinate (Line 14), the amount being appreciably greater in the leaves 
cultured in the sodium salt than in those to which the potassium salt was 
supplied. It may be assumed that the amount of succinic acid which 
accumulated in these samples represents either that part of the added acid 
which failed to react during the culture period or the quantity of succinic 
acid which is in equilibrium with the other reactants in the enzyme systems 
under the conditions established after 48 hours of culture. Evidence that 
there is an equilibrium relationship between succinic and malic acids is 
afforded by the results of the experiments in which malic acid was furnished 
to the leaves. Under these circumstances, the succinic acid content also 
increased. Although the quantity involved is small, it represents a 3-fold 
increase over the amount in the control samples whether cultured in water 
or alkali salts, and the inference seems clear that the reaction which was 
promoted in the leaves cultured in succinic acid was reversed, although to 
only a small extent, in those treated with malic acid. 

The data for undetermined acid (Line 15) suggest that the reactions 
stimulated in the present samples had only a small effect upon the group 
of unknown acids. The changes observed, losses in the leaves cultured in 
succinate, gains in those cultured in malate, were all small and were prob- 
ably scarcely greater than the analytical error in view of the fact that the 
data are computed by difference. 


DISCUSSION 


Taken in conjunction with the results of previous experiments in which 
tobacco leaves were cultured in darkness in solutions of citrate, the present 
observations throw further light on certain of the equilibrium reactions in 
which the organic acids of this species are concerned. Interpretation in 
detail is at present impossible because of the lack of information on the 
nature of the enzyme systems. However, it has been established with a 
high degree of probability that malic acid normally undergoes reactions 
which give rise to the formation of citric acid. This reaction is either 
directly reversible or another pathway exists whereby citric acid can be 
converted back to malic acid, provided that citric acid is made available 
to the system in sufficient concentration. The present experiments indicate 
that succinic acid can be reversibly converted into malic acid, the point of 
equilibrium being far on the side of malic acid, and it is therefore logical 
to assume that the increase in citric acid that is observed when succinic 
acid is supplied represents a stimulation of the formation of citric acid 


owing to the correlated increase in the concentration of malic acid in 
the cells. 
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The extent to which the succinic acid taken up is metabolized is little 
influenced by the pH of the culture solution over the narrow limits investi- 
gated, being close to 90 per cent in all cases. On the other hand, malic acid 
furnished to the leaves is more extensively metabolized when the culture 
solution is at pH 5 than when it is at pH 6, possibly an outcome of the fact 
that the uptake is greater at the lower reaction (Table I, Line 7). In this 
respect, the behavior of added malic acid resembles that of added citric 
acid, for both a larger quantity and a larger proportion of the citric acid 
taken up underwent metabolic change at pH 5 than at pH 6 (4). Never- 
theless, when either succinate or malate is supplied to the leaves, the stimu- 
lation of the formation of citric acid is greater when the solution is provided 
at pH 6 than when it isat pH 5. Accordingly the effect is something more 
than a simple promotion of a reaction in accordance with the law of mass 
action. 

Interpretation of this result is difficult. The view that it is a direct 
effect of pH upon a specific enzyme reaction is not entirely acceptable, for 
the reactions took place within the cells. The extract of the leaves before 
treatment was at pH 5.2 (TableI, Line 5). After culture, the dried samples 
gave extracts that were from 0.3 to 0.6 pH units more alkaline, but in no 
case was the difference between the members of the pairs of samples cul- 
tured respectively at pH 5 and at pH 6:in the same salt greater than 0.1 pH 
units. If the pH of the extract from the dried sample is a reflection of the 
conditions with respect to pH in the living tissue, so small a difference can 
hardly account for the behavior of the leaves cultured, for example, in 0.2 M 
potassium succinate. In these leaves, 44 m.eq. of additional citric acid 
accumulated when the culture solution was at pH 5 and 72 m.eq. when it 
was at pH 6 (Table I, Line 11). However, so little is known regarding 
localized pH reactions in living cells that too much weight cannot be given 
to this argument. The pH of an extract from dried leaf tissue is at best 
an average. 

Another possible view is to suppose that the course of the reactions in 
the cells was influenced by the advent of different concentrations of alkali 
ions. Both the content of ash and the alkalinity of the ash (Table I, 
Lines 1 and 3) were greater in the samples cultured in succinate at pH 6 
than at pH 5. However, despite an apparent difference in potassium, the 
difference in the alkalinity of the ash was small in the samples cultured in 
malate and there was more ash in the sample cultured at pH 5 than in 
that cultured at pH 6. Nevertheless there was a greater stimulation of the 
formation of citric acid at pH 6 than at pH 5. Additional study is clearly 
necessary to resolve such details as these. 

Loss of Organic Solids—The changes in the organic solids in the leaves 
are summarized in Table II. As in previous experiments, the net change 
in the leaves cultured in salts of organic acids was small in spite of the 
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uptake of from 13 to 21 gm. of acid per kilo of initial weight of leaf tissue. 
The losses from the leaves cultured in water and in inorganic salts ranged 
from 4 to 7 gm., respiratory loss being stimulated appreciably by culture 
in inorganic salt solution. But the loss from the leaves cultured in salts of 
organic acids was from 2 to 3 times as great, and an average of 20 per cent 
of the initial organic solids of the leaves disappeared from the individual 
systems comprising leaves plus culture solution in the course of the treat- 
ment. 

If the losses of organic solids in Table II are compared with the losses of 
simple carbohydrates shown in Table I, Lines 16 to 18, it is clear that only 
a small part can be accounted for in terms of disappearance of glucose 


TaBxe II 
Loss of Organic Solids by Respiration during Culture of Tobacco Leaves in Darkness 
All solutions supplied in 0.2 mM concentration for 48 hours. 





Calculated 




















Solution pH pal a Loss of organic solids 
ach solids 

gm. per kg.| gm. per kg.\gm. per kg.| per cent 
OS ee ae eae any ee ne —4.1 4.1 4.7 
POLARS GUIGLE ..... ©... oss sess sca iee os —6.1 6.1 7.0 
SOU NE LS | a re a —6.8 6.8 7.8 
Potassium succinate.............. ee, ea: 15.3 —0.6 15.9 18.3 
2 Bee) News, ce ela cee 6 13.8 —2.3 16.1 18.5 
Sodium succinate...................0.. 5 21.2 —0.3 21.5 24.7 
os: 7 Soni SOA 1 Cine OPE OEP Ee 6 18.3 —0.1 18.4 aL.t 
Potassium t-malate....................| § 16.3 —2.4 18.7 21.5 
i ss EAS HE A PY | 13.3 —0.9 14.2 16.3 
Average for salts of organic acids...... 16.4 17.5 20.0 








present in the leaves at the start. Even the control sample cultured in 
water which lost 4 gm. of organic solids showed a diminution of only 1.1 gm. 
of glucose and sucrose taken together, and the losses of glucose from the 
samples cultured in salts of organic acids were only a little greater. The 
stimulation of the respiration brought about by culture in organic acids 
accordingly had remarkably little effect upon the composition of the tissues 
with respect to glucose and sucrose. 

However, that chemical change of the simple carbohydrates occurred is 
clear from the results of the determinations of sucrose. Small increases 
were found in all save the sample cultured in water. Similar small increases 
of the component designated unfermentable carbohydrate were likewise 
noted. 

Table IIT shows estimates of the maximal possible losses of organic acids 
and of glucose by respiration. The differences between the data in Table I 
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for the calculated uptake of acid and the increase in the total organic 
acidity are expressed in each case in terms of gm. of the acid acquired from 
the culture solution and this quantity in turn as a percentage of the calcu- 
lated loss of organic solids by respiration. This implies that the loss fell 
exclusively upon the acquired acid. Whether or not this was actually the 
case, the factors to convert milliequivalents to gm. of acid are so closely 
alike for the substances concerned that the error in the calculation is small. 
Data from two earlier experiments with citrate (4) are included to illustrate 
the similarity of the behavior. The maximal proportion of the loss that 
can be thus accounted for is 44 per cent and this magnitude was approxi- 
mately attained in three experiments at pH 5 with succinate and citrate; 
at pH 6, it was much less. 


TaBeE III 


Mazimal Possible Respiratory Loss of Organic Acids and Glucose from Tobacco Leaves 
Cultured in Salts of Organic Acids 








Possible |Proportion| Possible |Proportion 
Solution pH loss of of total | loss of of total Sum 
- acids loss glucose loss 
gm. per kg.) per cent \gm. per kg.| per cent | per cent 
Potassium succinate............. 5 y ie 44 1.0 6 50 
Ay OP Nel. edict ee es 6 4.2 26 1.9 12 38 
Sodium succinate............... 5 9.6 44 1:4 6 50 
ts Tinie ah aan 6 5.6 30 1.4 7 37 
Potassium t-malate............. 5 4.9 26 1.4 8 34 
i OY aay hue gions 6 0.1 1 1.7 12 13 
Potassium citrate............... 5 4.5 41 1.3 12 53 
" SE ARE a See eae 6 1.7 16 1.6 16 32 























The proportion of the calculated respiratory loss that can be accounted 
for as glucose ranged from 6 to 12 per cent in the present experiments and 
reached 16 per cent in one of the earlier experiments with citrate. How- 
ever, in no case can more than about one-half of the calculated loss of 
organic solids be accounted for in terms of the observed losses of organic 
acids and glucose even on the most favorable assumptions. Clearly, com- 
ponents of as yet unknown chemical nature must have been drawn upon to 
a considerable extent to meet the demands for energy under the experi- 
mental conditions imposed upon the cells. 


‘If the data are calculated with allowance for the fact that the carbonate in the 
ash, which may be estimated from the alkalinity of the ash sufficiently closely for 
the present purposes, is equivalent to carboxyl groups of organic acids and thus 
should be reckoned as a part of the organic solids of the tissues, the conclusions are 
not greatly different. The combined losses of organic acids and glucose range from 
22 to 73 per cent of the respiratory loss computed in this manner, thus still leaving a 
substantial part of the substrate of respiration unaccounted for. 
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A further illustration of the effect of the stimulated metabolism of these 
leaves is furnished by the data for the loss of protein nitrogen (Table I, 
Line 19). No clear distinction can be drawn between the effects of organic 
and of inorganic salts, nor is there any indication of differences attributable 
to the pH of the culture solution. However, whereas after culture in water 
for 48 hours only about 4 per cent of the protein underwent hydrolysis, 
after culture in 0.2 m salt solutions the average proportion (eight cases) 
was more than 14 per cent; protein metabolism as measured by this criterion 
was thus increased between 3- and 4-fold. This may represent nothing 
more than a speeding up of the catabolic processes that are inevitably 
established in leaves of this species soon after they are detached from the 
plant. It is at least suggestive, however, of an intimate relationship be- 
tween the intracellular reactions of the proteins on the one hand and of the 
organic acids on the other. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Katherine 
A. Clark, and Laurence 8. Nolan for technical aid, to Dr. A. N. Meiss for 
assistance in carrying out the experiments and for helpful suggestions, and 
to the Department of Analytical Chemistry for the determinations of 
potassium. 


SUMMARY 


Detached leaves of tobacco (Nicotiana tabacum, var. Connecticut shade- 
grown), cultured in 0.2 m solutions of potassium or sodium succinate or in 
potassium L-malate, become enriched in citric acid. The enrichment was 
greater when the solution was provided at pH 6 than at pH 5 although the 
quantity of acid taken up from the culture solution was greater at pH 5 
than at pH 6. Succinic acid acquired in this manner was metabolized to 
the extent of about 90 per cent regardless of the pH of the culture solution, 
but L-malic acid behaved like citric acid furnished in culture solution in 
that the proportion metabolized was somewhat greater at pH 5 than at 
pH 6, the range being of the order of from 50 to 60 per cent. 

An increased quantity of malic acid was likewise found, the increase 
being approximately the same whether the leaves were cultured in succinate 
or in malate regardless of pH of the solution. Correlated with these 
changes was a marked increase in the extent of protein decomposition as 
compared with the behavior of the control sample cultured in water. 

The evidence points to the ready convertibility of succinic acid to malic 
acid under these circumstances. That this reaction is reversible to a small 
extent follows from the observation that leaves cultured in malate became 


somewhat enriched in succinic acid although less so than the leaves cultured 
in succinate. 
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%; The uptake of succinic acid was appreciably greater from the sodium 
ee: salt than from the potassium salt and the stimulation of the formation of 
able citric acid was correspondingly greater as well as the accumulation of 
ais succinic acid, we? 

val The loss of organic solids by Tespiration was greatly stimulated by 
a culture in alkali salts of these acids but, as in experiments with citrate, 
3 only about one-half of the loss can be accounted for in terms of loss of 
rion ; ; : ; 

ine organic acids and simple carbohydrates from the respective systems. 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


VI. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF 
pt-MALATE 


By HUBERT BRADFORD VICKERY, CHESTER A. HARGREAVES, II,* anp 
LAURENCE S. NOLAN 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment Station, 
New Haven, Connecticut) 


(Received for publication, February 12, 1952) 


When tobacco leaves are cultured in darkness in a solution of pL-malate, 
the malic acid content of the tissues increases (1). If, however, L-malate 
is supplied, malic acid may or may not accumulate (2, 3) and evidence has 
been obtained that a considerable fraction or even all of the acid taken up 
undergoes metabolic change within the cells. It accordingly seemed of 
importancé to establish the fate of the p enantiomorph when DL-malate is 
furnished to the leaves. On the assumption that the chemical changes 
undergone by the acquired malic acid are exclusively enzymatic in nature, 
it would be expected that p-malic acid would accumulate in an amount 
comparable with the quantity taken up from the culture solution. 

In an experiment in which excised tobacco leaves weighing 1695 gm. 
were cultured for 47 hours in 0.2 mM potassium pL-malate in darkness, 21.4 
gm. of malic acid were taken up as computed from the increase in the 
alkalinity of the ash. The sample of leaves should therefore have con- 
tained 10.7 gm. of p-malic acid. Malic acid was isolated from the dried 
tissue in the form of redistilled diethyl malate. The specific rotation was 
(|? = —4.97°, whereas diethyl malate isolated from normal tobacco leaves 
had a specific rotation of [a]? = —10.53°. Of the 34.2 gm. of malic acid 
in the leaves after culture, 26.4 per cent or 9.03 gm. must therefore have 
consisted of p-malic acid. In view of the assumptions involved in the 
calculations and of the experimental difficulties, the agreement with the 
anticipated result is sufficiently close to indicate that the enzyme systems 
of this tissue are unable to metabolize p-malic acid and that reactions of a 
non-enzymatic kind play no significant réle. 


EXPERIMENTAL 


The plants of Nicotiana tabacum, var. Connecticut shade-grown, were 
raised in the greenhouse and were sampled on August 15, 1949, after 84 
days of growth from the time the seedlings were set. They were fully 

* Present address, Department of Chemistry, Yale University. 
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mature but the inflorescence had been removed late in July. The control 
sample to be used to establish the initial composition consisted of one leaf 
from each of fifteen plants, a single leaf being cut at each of fifteen suc- 
cessive leaf positions as sampling proceeded along the row of plants. Thus 


TABLE | 


Effect of Culture in 0.2 mu Solution of Potassium pu-Malate at pH 6.5 on Composition of 
Excised Tobacco Leaves 
Figures not otherwise designated represent milliequivalents per kilo of initial 
fresh weight. Data showing changes in composition are quoted from two other 
experiments (2, 3) in which tobacco leaves were cultured on 0.2 m potassium L-malate 
at pH 6.0 and 6.5. Data in the column “Before culture” refer only to the leaves 
cultured on pL-malate in 1949. 





Changes during culture 





Before 








| 
| —_— 1949 1950 a 1948 
| DL-Malate, | t-Malate, | 1-Malate, 
| pH 6.5 pH 6.0 pH 65 
THOPBANIG BOMUAK, IGM... ses es cc cess cone | i9.9 | +14.2 +14.5 | +13.8 
NOUCRINIC ROUGK, GM. 8s ca eee tens | 91.9 —3.7 —0.9 —6.3 
AUKAMERILY OP ABD. 0005 fs ca ita eel as | 375 +185 +188 +187 
lie 5. el 1b ets ior. Bre) 20h ys voc. Sais | 6.13) 40.8 -40.4| +04 
Calculated uptake of acid.................. | 189 199 191 
hy - St ee a) 12.7 13.3 | 12.8 
Malic acid metabolized.....................| so | 103 | 294 
«a “ % uptake...........| 42.3 aa) 107 
POCA GPRAMIG AGIOS: : 656066. ke eles | 308 +201 +197 +170 
Reebrde rate sch). ob, Wl SS denen lacie ions | 32.5 +90 +77* | +159t 
RM Bl dda arava Be Pb, Nsw wets Wel Oe +109 +96 —33 
PaPOINNE OP AORO oss 02 cay a aautls SIS cw dose 6.2 +5 +8 
RUMMAEREE ON icc cps, cea hege eins eas sete eee | 33 | —4 —2.9 +1.1 
RBIS CIMMAL BOCL S20 ck oS oo acon eee he | —4.0 | 0 
Wndetermined acias?.. 2.5...) ) pee. | 45 | +1 +19 +43 











* The citric acid content before culture was 36.3 m.eq. per kilo and increased 
during culture in water for 48 hours by 14 m.eq. 

t The citric acid content before culture was 43.1 m.eq. per kilo and increased 
during culture in water for 48 hours by 49.5 m.eq. 


each plant and each leaf position were equally represented. The sample 
weighed 117 gm. The remainder of the leaves from the fifteen leaf posi- 
tions on the fifteen plants formed the experimental sample! and weighed 
1695 gm. 


1 Inasmuch as the general behavior of the,organic acids of this variety of tobacco 
leaves during culture in water is well established, no sample was taken for this addi- 
tional control. The sampling method employed is a variation of the statistical 
method (4) now used in this laboratory. Its efficiency may be judged from the 
comparisons shown in Table I. 
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The control sample was immediately dried for analysis and the experi- 
mental sample was subjected to culture in darkness for 47 hours in 0.2 m 
potassium DL-malate adjusted to pH 6.5, under the conditions and with the 
technique described in earlier papers (5). After being dried and equili- 
brated at 50 per cent relative humidity and 24°, the tissue weighed 225 gm. 
It was ground in a Wiley mill and samples were taken for analysis. Data 
for the changes in composition of the leaves are shown in Table I, the 
figures being expressed in terms of 1 kilo of initial fresh weight. 

The pH of the culture solution was chosen so as to minimize the un- 
certainty involved in calculating the uptake of malic acid from the increase 
in the alkalinity of the ash of the tissue; at pH 6.5, malic acid is approxi- 
mately 98 per cent neutralized. 

The remainder of the experimental sample was ground in a ball mill for 
9 hours and 205 gm. of the resulting powder were thoroughly mixed with 
425 ml. of 4 N sulfuric acid and 25 ml. of water and allowed to stand over- 
night. The thick suspension was then mixed with 203 gm. of Celite? 545 
and the slightly moist powdery mass was brushed through a sieve and 
spread in thin layers on enameled ware trays on which it was dried for 7 
hours in a current of air heated to 40°. A water extract of a small sample 
of this material was at pH 1.3. The dry powder was packed firmly into a 
cylindrical basket constructed of fine mesh stainless steel wire cloth so as 
to fit snugly into the siphon-beaker attachment*® of a Nolan extraction 
apparatus (6) and was covered with a closely fitting circle of wire cloth. 
The material was then extracted with ether for 72 hours, the ether being 
changed at the end of 29 hours. The ether was evaporated after the addi- 
tion of water to the extracts and analysis of the entire filtered aqueous 
solution showed that 97 per cent of the organic acids of the tissue had been 
extracted. The extract contained no significant quantity of sulfuric acid. 

This method of extracting the organic acids from leaf tissue on the prepara- 
tive scale is based upon the technique employed for the analytical deter- 


2 Obtained from Johns-Manville, New York. 

3 The siphon-beaker attachment consists of a 2 liter beaker (Corning Glass Works, 
catalogue No. 1000), cut to a height of 14.7 em. and the edge ground square, with a 
short length of glass tubing of 5 mm. outside diameter sealed to the bottom at the 
junction with the side wall. The outer end of this tube carries the cone part of a 
standard taper 7/25 ground glass joint and is bent vertically upward along the out- 
side wall of the beaker. A U-tube of 5 mm. tubing carries the socket part of the 
same joint on one arm and is of such dimensions that, when the joint is put together, 
a Soxhlet type siphon is produced close against the outside wall of the beaker. Inter- 
changeable U-tubes of several sizes are provided to allow for the extraction of charges 
of different vertical depths within the beaker. For extraction, the beaker is sup- 
ported on a suitable length of 75 mm. glass tubing inside the glass jar of the extrac- 
tion apparatus. The support is provided with a hole in the side to equalize pressure 
within the apparatus during extraction. 
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mination of the total organic acids. The procedure offers many advantages 
over earlier methods in which extraction with hot water or hot alcohol was 
employed and the acids were isolated as their barium salts before being 
esterified. 

The acids were esterified with ethyl alcohol and the esters, after being 
washed in ether solution with 20 per cent sodium carbonate and then with 
20 per cent sodium sulfate solution until neutral, were dried over anhydrous 
sodium sulfate and distilled in a Widmer type column. Crude diethy| 
malate was collected in several fractions at a vapor temperature of 97—131° 
at 16 mm. pressure and 97—100° at 3 mm. Redistillation gave, after the 
removal of a small fore fraction, material that boiled in the range 128.5- 
130° at 14 mm. pressure. The refractive index at 20° ranged from 1.4358 
to 1.4360. The specific rotation was [a] 25 — —4.97° and the saponification 
equivalent 94.0, theory 95.1. The several fractions collected weighed 
25.5 gm. and, after correction, accounted for approximately 75 per cent of 
the malic acid found by direct analysis of the dried tissue. 

Diethyl t-malate obtained from normal tobacco leaves was purified by 
the same technique. The specific rotation was [a]?> = —10.53°. The 
rotation of the ester from the experimental sample was thus 47.3 per cent 
of that of a preparation of presumably optically pure diethyl L-malate. If 
the assumption is made that the specific rotation of mixtures of diethyl 
L-malate and diethyl pu-malate is a straight line function of the composition 
with respect to diethyl L-malate, the ester from the experimental sample 
contained 52.7 per cent of diethyl pi-malate or 26.4 per cent of diethy! 
p-malate. This figure may accordingly be used to compute the quantity 
of p-malic acid in the experimental sample. 


DISCUSSION 


Table I shows the composition of the sample of leaves before culture and 
the changes that occurred. For comparison, the results of two other ex- 
periments, in which tobacco leaves were cultured in potassium L-malate 
under similar conditions of temperature, relative humidity, and concen- 
tration of the culture solution, are also shown. In one of these, carried 
out in 1950, the culture solution was adjusted to pH 6.0 (2); in the other, 
carried out in 1948, the culture solution was at pH 6.5 (3). Recent deter- 
minations of the alkalinity of the ash of this last sample and of its control 


4 In view of the results of Stutz and Burris (7) on the fractionation of the organic 
acids of tobacco leaves on silica gel columns, a further attempt was made to detect 
isocitric acid (see Vickery and Abrahams (3)). The quantity present is manifestly 
below the sensitivity of the analytical method used (8). Stutz and Burris have 
pointed out that their ‘‘isocitric fraction” from tobacco leaves ‘‘may have been pre- 
dominantly glyceric acid.” 
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have permitted more satisfactory estimates to be made of the uptake of 
acid than were previously available. 

The behavior of these three lots of leaves with respect to the uptake of 
malic acid and of inorganic ions was remarkably similar. Experiments in 
which citric acid was furnished to tobacco leaves under identical circum- 
stances (5) have shown that uptake at constant pH of the culture solution 
is a direct function of the time and of the concentration of the culture 
solution, so that this result is perhaps to be expected if, as seems to be the 
case, there is no discrimination between the enantiomorphs at the absorbing 
surfaces of the cells when pi-malate is supplied. 

Estimates of the quantity of malic acid that entered into the metabolic 
reactions of the cells can be obtained by deducting the change in the malic 
acid content from the quantity absorbed. The data indicate that 42.3 per 
cent of the pt-malic acid taken up disappeared from the system and thus, 
since none of the p enantiomorph became involved, it is necessary to as- 
sume that 84.6 per cent of the newly acquired L-malic acid underwent 
reaction. This figure is to be compared with the 51.7 per cent of the malic 
acid uptake which was metabolized by the leaves studied in 1950 and with 
117 per cent by those examined in 1948. In this last lot, the malic acid 
of the leaves diminished during the culture period. Samples of leaves from 
different crops are clearly unlike in their capacity to metabolize L-malic 
acid supplied to them in culture solution, and whether or not malic acid 
will accumulate under such conditions will depend upon the relative rates 
of uptake on the one hand and of the metabolic reactions on the other. 
Although it would appear that the uptake can be maintained moderately 
constant by attention to the experimental conditions, the speed of the 
enzymatic reactions is dependent upon internal factors concerning which 
little or nothing is yet known. The result with respect to the accumulation 
of malic acid is thus unpredictable in any individual lot of leaves. 

Although the speed of the metabolic reactions may differ, the direction 
taken was essentially the same in each case; the formation of citric acid 
was stimulated from 3- to 5-fold in the two experiments for which data on 
the behavior of control samples cultured in water are available. It seems 
probable, from the data for the increase of citric acid in the leaves cultured 
in DL-malate, that an analogous stimulation occurred in this case also. 
The increase in succinic acid, although small in absolute magnitude, repre- 
sents an 80 per cent increase over the amount present in the control sample 
and the observation furnishes qualitative confirmation of the behavior of 
succinic acid in the leaves cultured in L-malic acid in 1950 (2). 

In view of the uncertainty regarding the extent of the metabolic reac- 
tions in a specific case, it is difficult to decide whether or not the presence 
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of p-malic acid in the leaves cultured in pt-malate exerted any influence at 
all upon the behavior of the enzyme systems. That the p-malic acid 
taken up remained essentially unchanged in amount seems clear from the 
evidence on specific rotation already set forth. To this extent at least, its 
behavior was similar to that of oxalic acid supplied to tobacco leaves under 
the same conditions. A suspicion that the introduction of D-malic acid 
may not have been wholly without influence arises, however, from the fact 
that the molar ratio of the quantity of malic acid metabolized to the in- 
crease in the quantity of citric acid present in both of the samples of leaves 
cultured in t-malate was 2.0, whereas the ratio in the sample cultured in 
pL-malate was only 1.3. In these leaves, the reactions which led to the 
conversion of malic acid into citric acid therefore took place with what 
appears to have been enhanced efficiency. On the other hand, in leaves 
efiltured in t-malate at pH 5, the molar ratio was 3.4 (for data, see Vickery 
and Hargreaves (2)), an indication that malic acid was used to a con- 
siderable extent under these conditions in reactions other than those which 
lead to the formation of citric acid. However, further experimentation is 
necessary to clarify the situation. 


Grateful acknowledgment is made to Marjorie D. Abrahams for techni- 
cal aid and to Dr. A. N. Meiss for assistance in the conduct of the experi- 
ments and for helpful discussion. 


SUMMARY 


When pt-malic acid is furnished to tobacco leaves in culture solution 
for 47 hours in darkness as a 0.2 M solution of the potassium salt at pH 6.5, 
malic acid accumulates in the tissues. The specific rotation of the malic 
acid isolated as diethyl malate from the leaves was such as to permit the 
conclusion that the p enantiomorph does not enter into either enzymatic or 
non-enzymatic reactions within the cells. 

Comparison with the behavior of leaves cultured in u-malic acid indi- 
cated that, although the uptake of malic acid may be held relatively con- 
stant by attention to the experimental conditions, leaves from different 
crops may differ widely with respect to the speed of the metabolic reactions 
that occur during the culture period. Nevertheless, the direction taken 
by the metabolic reactions was similar in all cases and the presence of 
p-malic acid had no clearly evident effect; there was at most an increase in 
the apparent efficiency with which malic acid was converted to citric acid. 
p-Malic acid furnished to tobacco leaves thus behaves in a manner that 
has analogies with the behavior of oxalic acid supplied under similar condi- 
tions; it appears to be a chemically indifferent component of the organic 
acid system within the cells. 
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THE METHYL ESTER OF METHYLATED HYALURONIC ACID* 


By ROGER W. JEANLOZ 


(From the Research Laboratories of the Medical Clinic, Massachusetts General Hospital, 
and the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, January 28, 1952) 


Periodate oxidation of hyaluronic acid and partially deacetylated hyalu- 
ronic acid indicates linkages in position 1-3 between N-acetylglucosamine 
and glucuronic acid units and probably linkages in position 1-3 between 
glucuronic acid and N-acetylglucosamine (1). Complete identification of 
the structure requires the use of a method in which each linkage is deter- 
mined by the isolation of a definite derivative. Such specification can be 
obtained by the classical procedure of methylation of the polysaccharide, 
followed by hydrolysis and identification of the fragments. However, this 
method has not as yet been used with success in the determination of the 
structure of the mucopolysaccharides (containing uronic acids and amino 
sugars, such as hyaluronic acid and chondroitinsulfuric acid) because of the 
failure to obtain undegraded methylated preparations (2, 3) or to char- 
acterize beyond doubt the products obtained after scission (4-6). This 


paper describes a methylation procedure affording a well characterized, 


homogenous and undegraded methylated mucopolysaccharide in better 
yield. 


EXPERIMENTAL 


Methylation with Methyl Sulfate and Sodium Hydroxide—Hyaluronic acid 
was prepared according to our previous description (7). 3600 gm. of 
human umbilical cord were treated according to Method A1; the polysac- 
charide sulfate was removed by precipitation of the hyaluronate according 
to Method B2, immediately followed by Method B3, without separation 
of the two precipitates. Final purification was carried out according to 
Method A2, affording 29 gm. of hyaluronate containing 8.5 per cent water. 


N (Kjeldahl) 3.54, acetyl 10.0, S 0.28 
[a]> = —67° (c = 0.2 in H.0) 
Specific viscosity (y rel. — 1) = 484 (c = 0.2 in H,0) 


* Studies on hyaluronic acid and related substances VI. This is publication 
No. 129 of the Robert W. Lovett Memorial for the study of crippling disease, Harvard 
Medical School, Boston. This work has been made possible by a grant from Eli 
Lilly and Company. Part of this investigation has been carried out at the Wor- 
cester Foundation for Experimental Biology, Shrewsbury, Massachusetts, aided by 
a grant from G. D. Searle and Company. 
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10.0 gm. of sodium hyaluronate were dissolved in 500 ml. of a 1 per cent 
sodium hydroxide solution, which had been previously boiled and cooled 
in the presence of CO,-free nitrogen. To this solution were added 71 ml. 
of methyl sulfate in 3 ml. portions and 96 ml. of 30 per cent sodium hydrox- 
ide in 4 ml. portions over a period of 10 days, during which time the mixture 
was vigorously shaken and kept at 5°. Addition of both reagents was 
effected when the pH was below 9 (thymol blue indicator). The solution 
was then dialyzed against running tap water for 24 hours.!. A sample for 
analysis was further dialyzed in the cold for 2 days against several changes 
of distilled water, then lyophilized. The principal portion was also lyo- 
philized, then dissolved in 500 ml. of a 1 per cent sodium hydroxide solution, 
and treated with methy! sulfate and sodium hydroxide as described above. 
After five treatments the average yield of two runs was 85 per cent in 
material recovered (products I-A to I-E). 

A 5 gm. sample of hyaluronic acid was methylated at room temperature 
(20-25°) with the same proportions of methyl sulfate and sodium hydroxide 
as described above. The reaction was carried out in a round flask, under a 
stream of CO2- and O2-free nitrogen, with vigorous agitation. The rate of 
addition of the methyl sulfate was 4 ml. per hour, and the mixture was 
maintained alkaline by a slight excess of sodium hydroxide. The product 
was isolated and a fraction purified for analysis as described for the product 
methylated in the cold. The yield after five treatments was 65 per cent 
(products II-A to II-E). 

Samples were generally analyzed for nitrogen, acetyl, total methoxyl, 
ester methoxyl, and ether methoxyl (by difference and direct determina- 
tion). Their solubility properties in cold and warm water, warm acid 
solution, and methanol were examined and their rotatory power and vis- 
cosity determined. The results reported in Table I show that most of the 
hydroxyl groups were methylated. The carboxyl groups were also par- 
tially esterified. 

Salt-Free Methylated Methyl Hyaluronate—In order to remove most of 
the cations to allow esterification of the carboxyl groups with diazomethane, 
9.0 gm. of methylated sodium hyaluronate (I-E) (ash content 6.2 per cent) 
were dissolved in 500 ml. of cold water. To the solution were added 200 
gm. of Dowex 50 in the H+ form and 300 ml. of water. The mixture was 
shaken for 10 minutes, and then the aqueous layer was decanted. The 
resin was shaken three additional times with 800 ml. of water. The com- 
bined aqueous solutions were lyophilized, affording 7.5 gm. of dry material 


1 Precipitation of the methylated polysaccharide by addition of a large amount 
of ethanol (8 volumes) as described by Meyer, Odier, and Siegrist (4) in the prepara- 
tion of methylated chondroitin sulfate afforded a recovery of only 72 per cent of the 
material after one treatment. This is explained by the solubility of the most meth- 
ylated portions in dilute alcohol. 
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(I-F). II-E was treated in an identical manner (II-F). I-F, ash 1.3; 
see Table I for analysis. 


TaB_eE I 
Analysis and Properties of Methylated Hyaluronate 









































Solubility 
Product No. N_ | Acetyl — — —- lay poe ime. 
‘ total | ethers | esters |in HxO | ity* | In hot | Is hot 
watert acid? 
per cent|\per cent |\per cent |\per cent|per cent | degrees 
I-A 3.2 9.4 | 14.0 —57 | 4.09 | + + 
I-B 3.1 9.3 | 23.7 | 18.2 —57 | 2.06} + ns 
I-C 3.0 9.3 | 22.8 | 20.0 —56 | 1.45 | + 0 
I-D 2.9 9.6 | 25.1 | 23.2) 2.7 | —61)}1.638 | + 0 
L-E 3.0 9.8 | 26.6 | 22.6 | 2.4 | —52/1.54|) + 0 
II-B 3.2 9.5 | 10.4 
II-C 2.8 9.0 | 24.1 | 20.9} 1.6 | —47 | 0.47 | + + 
II-D 2.8 9.7 | 23.5 | 19.8 | 2.7 | —60] 0.38 | + + 
II-E 2.9 | 10.0 | 25.9 | 22.6] 3.5 | —50|0.40} + 0 
Salt-free products 
I-F —57 | 0.22) + 0 
II-F —55 | 0.13 | + 0 
Methyl esters 
I-G 3.2 9.4 | 24.4 1.8 | —56]0.43 | + 0 
I-H 3.1 | 10.4 | 30.4 6.9 | —59f| 0.27 0 0 
II-G 2.8 9.6 | 29.6 6.7 | —47| 0.17 | + = 
I-K 3.1 7.8 | 31.9 7.2 | —46 | 0.13 
(a) Calculated 3.1 9.6 | 34.5 | 27.6 | 6.9 
Ci9Hs10nN 
(5-OCH; per 
period) § 
(6) CisH2gOuN 3.2 9.9 | 28.5 | 21.4 | 7.1 
(4-OCHs per 
period) § 
* Relative viscosity — 1. c = 0.2 per cent in H.0. 


+0 = insoluble; + = soluble. 

t [alp = —51° (c = 0.533 in CH;OH). 

§ In (a) four hydroxyl] groups of the period are methylated and the carboxyl group 
is esterified, whereas in (b), only three hydroxyl groups are methylated and the 
carboxyl group esterified. 


Methyl Ester—7.0 gm. of the methylated hyaluronate described above 
(I-F) were dissolved in 100 ml. of water.2, To the solution 500 ml. of 


2 It was found by centrifuging that a small proportion (15.5 per cent) of the free 
acid I-F, but not of the free acid II-F, was insoluble in water. Addition of dilute 
sodium hydroxide to pH 8 brought the compound into solution; no explanation was 
found for this difference in behavior. 
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methanol were added with agitation; a small part of material precipitated 
but stayed finely dispersed. The mixture was then cooled in an ice bath 
and an ethereal solution of diazomethane, prepared from 60 gm. of nitro- 
somethylurea in the presence of 600 ml. of ether, was distilled into it. The 
solution removed from the ice bath was left at room temperature, and the 
excess of diazomethane and the ether were distilled carefully in a lukewarm 
bath. The methanol-water mixture left was centrifuged, and the insoluble 
part washed with methanol. This insoluble residue was dissolved in water 
and filtered, leaving 0.12 gm. which was discarded, and the aqueous solu- 
tion was lyophilized to yield 1.5 gm. of partially esterified methylated 
hyaluronic acid I-G. The methanolic solution was evaporated in vacuo; 
the residue was dissolved in water and filtered, and the solution lyophilized 
to yield 5.9 gm. of methyl ester of methylated hyaluronic acid I-H. 

1.5 gm. of the free acid II-F treated in a similar manner did not afford 
two components but only one soluble in 85 per cent methanol, 7.e., 1.5 gm, 
of methyl ester of methylated hyaluronic acid II-G. Carboxyl groups, 
I-H 0.95, II-G 1.07; see Table I. 

I-H and II-G were soluble in methanol and insoluble in chloroform, 
methyl iodide, acetone, and pentane. I-G was soluble only in water. All 
the compounds presented a positive uronic acid reaction with naphthore- 
sorcinol. 

Assay of Permethylation with Methyl Iodide and Silver Oxide—194 mg. 
of methyl ester I-H, dried for 24 hours at 110° in vacuo, were dissolved in 
2 ml. of absolute methanol. 10 ml. of methyl iodide and 100 mg. of silver 
oxide were added, and the mixture was heated under a reflux with moisture 
and light protection for 8 hours. An additional 10 ml. of methyl iodide and 
200 mg. of silver oxide were added, and the mixture heated for 24 hours. 
The excess of methyl iodide was then distilled, 20 ml. of methanol were 
added, the silver salts were centrifuged and washed with methanol, and 
the combined methanolic solutions evaporated in vacuo. The residue (230 
mg.) was partially soluble in chloroform, completely in methanol. It was 
again treated with 1 ml. of methanol, 10 ml. of methyl iodide, and 500 mg. 
of silver oxide overnight under a reflux and the syrup isolated and treated 
with double the amount of those three reagents for 48 hours, a second addi- 
tion of 1 gm. of silver oxide being made after 24 hours. The residual 
syrup, after removal of the silver salts, was dissolved in a mixture of 20 ml. 
of chloroform and 5 ml. of methanol. The solution was filtered over a 
double layer of Celite and carbon Darco G-60 and evaporated in vacuo to 
yield 234 mg. of a yellow syrup. Addition of 10 ml. of water dissolved it 
with the exception of brown particles and, after filtration over Celite- 
Darco G-60, afforded a colorless water solution of pH 7. This solution was 
lyophilized to yield 212 mg. of material composed partially of a white fluffy 
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mass, resembling the starting material, and partially of a pale yellow syrup. 
The material was then dissolved in water and dialyzed against many 
changes of distilled water in the cold. The combined dialysates were lyo- 
philized to yield a pale yellow syrup which was dissolved in methanol, and 
the solution was filtered and evaporated, affording 90 mg. of syrup, soluble 
in methanol, acetone, and chloroform (I-J). The undialyzable solution was 
filtered and lyophilized to 100 mg. of a fluffy white material, much more 
brittle than the starting material (I-K), the analysis of which is reported in 
Table I. 

90 mg. of the syrup I-J were purified by dissolving in acetone and filtering 
through Celite-Darco G-60; [a]2® = +17° (c = 0.727 in CHC\,). 

Further purification was carried out by dissolving 67 mg. in benzene and 
adsorbing on silicic acid “Davison.” Elution with ,various mixtures of 
acetone-methanol afforded 61 mg. of material with traces of crystals which 
could not be separated. 


N (Kjeldahl) 2.9, acetyl 2 (+1 per cent), total methoxyl 24.8 


Analysis’—All compounds were dried in vacuo at 115° in the presence of 
phosphoric anhydride for a minimum period of 15 hours. The samples 
were weighed in closed vessels. 

Nitrogen—The determinations were made according to the Kjeldahl 
method. 

Acetyl—The determinations were made after acid digestion, according to 
Hadidian and Pirie (8). In order to obtain consistent results it was found 
necessary to digest with 5 Nn sulfuric acid for 15 hours. 

Methoxyl Ether—The determinations were made on a sample heated with 
a slight excess of 0.01 n sodium hydroxide at 100° for half an hour. The 
sample was then dialyzed against many changes of distilled water during 
4 days and lyophilized. 

Methoxyl Ester—The determinations were made according to the method 
of Boos (9), as previously described (6). 

Carboxyl Groups—The determinations were made by introducing the 
samples into 0.01 nN sodium hydroxide under a stream of CO,-free nitrogen, 
heating to ebullition, and back-titrating with sulfuric acid in the presence 
of phenolphthalein. 

Optical Rotation—The determinations were made at 27°, in water, in a 
1 or 2 dm. tube, with concentrations varying from 0.6 to 1.7 per cent. The 
maximum error is +5°. The results are reported in Table I. 


’ Total methoxyl was determined by F. Weiser and K. Ritter, Basel, Switzerland, 
and J. Weiler and W. Strauss, Oxford, England. In general, the determination of 
methoxyl in methylated mucopolysaccharides according to Zeisel frequently gave 
low results, with discrepancies to 1 per cent. 
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Viscosity—The viscosity was determined with an Ostwald viscosimeter, 
having a capillary approximately 9 cm. long and a flow time of 38 seconds 
for distilled water. The samples were exhaustively dialyzed against dis- 
tilled water, and the determinations were run on 4.0 ml. of solutions at 25°, 
The results are reported in Tables I, II, and III. 











TaBLeE II 
Reduced Viscosity (n spec./c)* of Hyaluronate and Various Methylated Hyaluronates 
in Water 
¢ in water 
Preparation 2 ee 
0.05 per cent 0.1 per cent 0.2 per cent 
Bg n spec./c n spec./c n spec./c a 
Hyaluronate + 2330 1850 2420 
I-A 31.6 26.1 20.4 
I-E 12.6 10.0 Ga 
I-H 1.58 1.28 
IT-C = Set? 3.0 2.30 
II-G 1.96 1332 0.86 














* Tn our first communication (7), the form,  spec./c, has been wrongly named 
‘intrinsic viscosity;’’ this should be replaced by ‘‘reduced viscosity.” 


TaBLeE III 


Reduced Viscosity (y spec./c) of Methyl Esters of Methylated Hyaluronic Acid in 
Methanol 





Product I-H 





Be Os Ad hci Sua 0.293 | 0.395 | 0.522 
SOU / 0 a'550-25. 94 CaO? Bid woh fe! 1 {am 


65 | 2.93 
76 | 4.46 














: : 
| | 1.15 | 1.53 | 2.09 2.73 | 4.85 
ONT TES ET Oe | 0.59 | 0.54 | 0.59 | 0.65 | 0.73 | 1.09 
~* Gm. per 100 ml. of solution. : as 
DISCUSSION 


Methylation in the cold (5°) of a mucopolysaccharide by methyl sulfate 
and sodium hydroxide was introduced by Meyer, Odier, and Siegrist (4) 
in the methylation of chondroitin sulfate. One of its major advantages is 
the avoidance of a secondary reaction of the alkali, while the degree of 
methylation obtained is as high as that with methylation at much higher 
temperatures. 

However, Meyer, Fellig, and Fischer (5) did not use low temperature 
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again in the methylation of hyaluronic acid. Their procedure was carried 
out at 35° and isolation of the methylated product accomplished by the 
addition of 5 volumes of acetone. After ten repetitions only 40 per cent 
of the material, with a methoxyl content of 26.9 per cent, was recovered. 
The low yield was probably due to a partial solubility of the most highly 
methylated fractions, as we have found by precipitation with methanol. 
As this product was prepared under conditions similar to those used for the 
preparation of the material methylated at 25° described in the present work, 
but at a slightly more elevated temperature, it probably also contained 
methoxyl ester groups. Thus, it was probably a partially esterified meth- 
ylated hyaluronic acid, identical with our II-E. 

Kaye and Stacey (3) prepared a methyl ester of a highly snail 
hyaluronic acid. Their starting material was already partially degraded, 
and after many methylations with methyl sulfate and sodium hydroxide, 
then with methyl iodide and silver oxide, a product was isolated in an 
over-all yield of 30 per cent. This product was fractionated into compo- 
nents soluble in chloroform, and in mixtures of chloroform and petroleum 
ether. Examination of the solubility properties and of the optical rota- 
tions, which varied from +8.9° to +91.9°, shows clearly that, as in our 
compound I-J obtained under conditions similar to those described here, 
all these fractions were completely degraded, and few of the original linkages 
of the polysaccharide remained. In our opinion, examination of such com- 
pounds cannot give a correct idea of the structure of hyaluronic acid. 

In the present work methylation, both at 5° and 25°, was applied to an 
undegraded hyaluronate which was separated from most of its polysac- 
charide sulfate contaminant. In both cases the degree of methylation 
seemed to remain constant after five treatments. The acetyl group on the 
nitrogen of the glucosamine and the carboxyl group of the glucuronic acid 
were unaffected. Rotations remained practically constant, with eventual 
slight diminution for the product methylated at higher temperature. The 
viscosity, although tremendously decreased, remained high, especially for 
the product methylated in the cold, the viscosity of which is many times 
that of preparations methylated at 25°. The yield is also better with 
methylation at low temperature. Although a chief disadvantage is the 
considerable time involved, the yield and the quality of the product ob- 
tained and the simplicity of the manipulation (only a shaker and a flask 
in a cold room are required) make this modification of the methylation 
procedure of Haworth (10) well applicable to labile products. 

Determination of the methoxyl ester and of the methoxy] ether groups 
showed that during methylation part of the carboxyl groups were esterified, 
which demonstrates the relative stability of such esters in alkaline medium. 
Such stability has already been observed in the saponification of methy] 
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esters of uronosides (6). Determination of the methoxyl ether content is 
important, as only its value is of use in the determination of the degree of 
methylation. 

Treatment with methyl sulfate and sodium hydroxide methylated the 
hydroxyl groups to the extent of three and one-half out of four groups 
(susceptible to methylation) per period‘ (I-E and II-E). Partial methyla- 
tion of glucuronic acid carboxyl groups of both compounds I-E and II-E 
was also accomplished by this procedure; compound II-E prepared at room 
temperature was more carbomethoxylated. Esterification of the remaining 
carboxyl groups was obtained by removing the salts with Dowex 50 and 
treatment with diazomethane, as described previously for hyaluronic acid 
(7). Whereas the product methylated at 25° was completely esterified 
(II-G), that methylated at 5° could be separated into two fractions, one 
completely esterified (I-H) and soluble in methanol, and a second partially 
esterified (I-G), insoluble in methanol. This resistance to esterification is 
probably due to a poor solubility of the most polymerized fractions in the 
mixture methanol-water in which the esterification with diazomethane is 
carried out. Both samples I-H and I-G showed the same ether methoxy] 
content, 7.e., an average of three and one-half hydroxyl groups methylated 
per four hydroxyls. The over-all yield from hyaluronic acid of the two 
final ester fractions was 75 per cent. 

It was desirable to obtain a product with a higher degree of methyla- 
tion, but in view of the negative results obtained by Kaye and Stacey (3) 
with the Freudenberg methylation procedure in liquid ammonia (11), this 
method was avoided, and permethylation with methyl iodide and silver 
oxide was attempted. Although such a method is known to be very mild 
and commonly used for permethylation of polysaccharides already partially 
methylated by Haworth’s procedure, considerable degradation of the meth- 
ylated hyaluronate methyl] ester occurred. Nearly half the material could 
be separated as a syrup, which was dialyzable and without viscosity. It 
could be adsorbed on silicic acid and eluted with small amounts of methanol 
diluted with acetone, which indicates a very low molecular weight. The 
methyl glycoside of a tetramethylated disaccharide formed of N-acetyl- 
glucosamine and glucuronic acid has been adsorbed and eluted with the 
same mixture of solvents.’ The low molecular weight is confirmed by the 
solubility in chloroform and acetone, whereas the shift in optical rotation 
from —51° to +18° indicates a great change in the linkage of the polymer. 
The low values of acetyl and methoxyl groups indicate more profound 
changes than only depolymerization; deacetylation and probably decarbox- 

‘1 molecule of N-acetylglucosamine + 1 molecule of glucuronic acid — 2 mole- 


cules of H,0. 
5 Jeanloz, R. W., unpublished work. 
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ylation occur. The scarcity of the material did not allow further investi- 
gation. The undialyzable material also showed loss of a part of the 
properties of high polymers (decreased viscosity, lower rotation, brittleness 
of the dry products). It seems evident from the properties of the two 
compounds subjected to permethylation that no conclusion regarding the 
structure of hyaluronic acid can be deduced from a methylated product 
obtained under such conditions, as the main linkages are broken during the 
etherification procedure. 

The curve of reduced viscosity (n spec./c) plotted against concentration 
shows an increase as the concentration is lowered; this is the case at all 
stages of methylation (Tables IT and ITI), which indicates that the decrease 
of viscosity is mainly due to the shortening of the chain and not to changes 
in the electrostatic forces.® 

The study of the methanolysis of the methyl ester of methylated hyalu- 
ronic acid has already been described (6), and further work on the identifi- 
eation of crystalline products obtained from this degradation is in process. 


The author wishes to thank Mr. E. Forchielli and Mr. M. Spivak for 
technical assistance. 


SUMMARY 


The methylation of hyaluronic acid with methyl sulfate and sodium 
hydroxide at 5° and 25° is described. The methylated products obtained 
were converted to methyl esters by removal of the cations with Dowex 50, 
followed by treatment with diazomethane. The final and intermediate 
products were analyzed for nitrogen, acetyl, total methoxyl, ether meth- 
oxyl, and ester methoxyl. Optical rotations, viscosity, and solubility 
properties were determined. 

The procedure in the cold yielded 75 per cent of an undegraded product, 
with an average degree of methylation of three and one-half out of four 
hydroxyl groups methylated. It was soluble only in water and methanol 
and possessed an optical rotation of —59°. Attempts to obtain higher 
degrees of methylation by using methyl iodide and silver oxide produced 
degraded products. 
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THE EFFECT OF GROWTH HORMONE ON GLUCOSE UPTAKE 
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(From the Department of Biological Chemistry, Washington University School 
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In previous reports from this laboratory it was demonstrated that the 
uptake of glucose by rat diaphragm is increased after hypophysectomy (1), 
and that this elevated uptake is reduced to the normal level following 
the injection of pituitary fractions rich in growth hormone (2, 3). These 
findings were interpreted as showing that a pituitary substance, possibly 
the growth hormone, inhibits glucose utilization in muscle. Such an in- 
hibition would explain, at least in part, the hyperglycemic effect of growth 
hormone in Houssay cats (4), in normal cats and dogs (5-7), and in partially 
depancreatized or alloxan-diabetic rats (7-11). This inhibition would also 
account in part for the diminished insulin sensitivity of the hypophysec- 
tomized dog treated with growth hormone (12) and for the inhibition of 
the insulin effect on glycogen synthesis by diaphragm from rats injected 
with growth hormone (13). 

Several reports have indicated that growth hormone may also have a 
stimulatory effect on glucose uptake under certain circumstances. Marx 
et al. (14), Milman and Russell (11), and Kurtz et al. (15) have shown that 
the immediate effect of growth hormone may be a transient hypoglycemic 
reaction. This is not due to the stimulation of insulin secretion, since it 
has been obtained in depancreatized-hypophysectomized dogs (15). 

In the present paper it is shown that crude or purified growth hormone 
has a biphasic action, not only on the blood sugar but also on the glucose 
uptake by the diaphragm. In the first phase there is a transient stimula- 
tion of glucose uptake associated with hypoglycemia, and in the second 
phase a prolonged inhibition of uptake associated with the relief of hypo- 
glycemia. In the inhibitory phase some degree of insulin resistance can 
be shown. The stimulatory and inhibitory effects of growth hormone can 

* This work was supported in part by research grants from the National Insti- 
tutes of Health and from Eli Lilly and Company. 
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be obtained with microgram quantities of highly purified crystalline hor- 
mone. It has not been possible to dissociate the three activities (growth, 
hypoglycemia, inhibition of glucose uptake) by various physical and chemi- 
cal treatments of the hormone. We have concluded, therefore, that the 
effects on glucose uptake are due either to the crystalline growth hormone 
itself or to chemically related substances derived from it in the tissues. 


Materials and Methods 


Animals—Rats of the Sprague-Dawley strain, weighing 100 to 125 gm., 
were used. These were maintained under the conditions previously de- 
scribed (16). Hypophysectomized rats, obtained from the Hormone Assay 
Laboratories, Inc., Chicago, Illinois, were used 10 to 20 days postopera- 
tively. White mice were obtained from Rockland Farms, New City, New 
York, and were kept under the same conditions as the rats. Rats were 
eviscerated in a single stage operation. Adrenalectomized animals were 
used 2 to 8 days after operation. All animals were fasted 18 to 24 hours 
before use, except adrenalectomized animals which were fasted 4 to 6 hours. 

Procedure for Handling Rat Diaphragm—Glucose utilization by the dia- 
phragm in vitro is profoundly influenced by the experimental conditions 
employed and our experience in this regard is summarized in a separate 
report (17). Rats were killed by decapitation. The two hemidiaphragms 
were excised rapidly and, unless otherwise noted, were soaked for a period 
of 5 to 6 minutes in ice-cold Krebs-Henseleit bicarbonate medium (18) 
containing 140 mg. per cent of glucose. These conditions of soaking 
caused a marked rise in the rate of glucose uptake as compared to unsoaked 
diaphragms (17), but did not change the nature of the hormonal effects 
to be described. After soaking, the diaphragms were blotted gently on 
filter paper and were transferred to 20 ml. incubation beakers containing 
1 ml. of the same medium. Incubation was carried out at 37° for 30 min- 
utes in a Dubnoff shaker (19) in an atmosphere of 95 per cent O2-5 per cent 
CO, with a shaking rate of 140 cycles per minute. To obtain the results 
of Fig. 1, four successive 30 minute periods were used. After incubation, 
the reaction was stopped by chilling the vessel in ice and the diaphragm 
was blotted on filter paper and weighed. Glucose uptake was measured 
as described previously (16). The results have been expressed as mg. of 
glucose taken up per gm. of wet tissue per hour. Blood glucose was 
determined by the method of Nelson (20). y 

Preparation of Pituitary Fractions—The crude growth fraction desig- 
nated as fraction A was prepared according to the method described by 
Wilhelmi, Fishman, and Russell (21) in their procedure for obtaining crys- 
talline growth hormone. By electrophoretic analysis it was possible to 
show three major components in this material, two of which appeared to 
be inactive in our test system after partial purification. The third com- 
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ponent, estimated to be 15 to 20 per cent of the total protein, had a mo- 
bility corresponding closely to that of growth hormone under the same 
conditions. Fraction A proved to be about 40 per cent as active for 
growth as our most active crystalline hormone. 

Ten batches of growth hormone prepared in this laboratory by the 
method of Wilhelmi, Fishman, and Russell (21) were tested. In our hands, 
the quality of the initial crystals obtained was highly variable. Recrys- 
tallization! usually gave a more amorphous product, but this was not as- 
sociated with a loss of biological activity. One preparation, GH-IV, which 
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TIME OF INCUBATION, MINUTES 

Fig. 1. The effect of previous exposure to growth hormone on response of dia- 
phragm to growth hormone addition in vitro. See the text for the prior treatment 
of the rats. Growth hormone was added in vitro at a concentration of 100 y per ml. 
Diaphragms were incubated, without previous soaking (17), for 4 successive 30 
minute periods, being transferred to fresh incubation vessels at the start of each 
period; the value for the first 30 minute period is plotted at 15 minutes, that for the 
second at 45 minutes, etc. Each point represents the average for six rats. @, 
hypophysectomized rats; growth hormone added in vitro; O, hypophysectomized 
rats, preinjected with growth hormone; growth hormone added in vitro; X, normal; 
no injection or addition; A, normal; growth hormone added in vitro. 


was carried four times through precipitation at pH 5 and subsequent crys- 
tallization, ended as a largely amorphous material, but was nevertheless 
one of the most active preparations tested. Dr. C. H. Li very kindly 
supplied us with a “pure and crystalline” growth hormone sample (lot 
1672A) which did not differ from other preparations in the biological 
activities to be described. Two preparations, kindly donated by Armour 
and Company, lots 22KR2 and J21609R, were also tested and found 
highly active. Our A fractions are designated arbitrarily as A-I, A-II, ete., 


‘It was found that crystals similar in form to those obtained in aqueous ethanol 
could be obtained in the fraction precipitating between 30 and 40 per cent satura- 
tion with ammonium sulfate at 0° and pH 8, from a solution containing 1 mg. of 
protein per ml. 
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the crystallized growth hormone preparations as GH-I, GH-IV, etc. Ad- 
renocorticotropic hormone (ACTH) was donated by Armour and Company. 

Pituitary preparations were kept in the lyophilized state at —15° in 
vacuo over phosphorus pentoxide. Fresh solutions were prepared by dis- 
solving the protein in 0.9 per cent saline or dilute buffer at pH 8. Injec- 
tions of pituitary fractions or control solvents were given intraperitoneally 
or intravenously, as noted. 


Results 


Stimulations of Glucose Uptake by Growth Hormone Fractions—It was 
found that the injection of crude (fraction A) or purified growth hormone 
was followed by hypoglycemia in several animal preparations (Table 1). 
The eviscerated hypophysectomized rat was the most sensitive prepara- 
tion tested and the effect of 10 y of growth hormone per 100 gm. of rat 
could be easily detected. In the eviscerated normal rat the effect of 100 y 
was not measurable in a small series of animals. Milman and Russell (11) 
have demonstrated that hypoglycemia can be produced in normal rats, 
but in their experiments 3 to 5 mg. of hormone were injected. Since 
growth hormone can produce hypoglycemia in an eviscerated preparation, 
its effect cannot be due to a stimulation of insulin discharge from the pan- 
creas. This finding is in agreement with the results of Kurtz et al. (15) 
with depancreatized-hypophysectomized dogs. 

A stimulation of glucose uptake by the diaphragm could be demonstrated 
after administration of the hormone either in vivo or in vitro. Following 
the intravenous injection of growth hormone fractions into eviscerated 
hypophysectomized rats, the diaphragm was removed and the glucose 
uptake determined. As is seen in Table I, the rate of glucose uptake was 
markedly elevated 1 hour after injection; 3 hours after injection no stimu- 
lation was detectable in the animals that received purified growth hormone 
and a significant (P < 0.001) inhibition had developed in animals receiving 
crude growth fraction A. These observations show that the stimulatory 
effect is transient and is followed by inhibition, as will be demonstrated in 
more detail later. When either crude or purified growth hormone was 
added directly to the incubating medium, significant stimulation of uptake 
occurred in diaphragm from hypophysectomized rats, but none was seen 
in diaphragm from normal rats? (Table II). Both the crude and purified 


2 With an experimental procedure different from ours, Ottaway has recently 
reported (22) a stimulation of uptake by the normal diaphragm following the addi- 
tion of growth hormone in vitro. In unpublished experiments with growth hormone, 
8. L. Ettman has obtained in this laboratory a stimulation of glucose uptake by 
normal mouse diaphragm in vitro. It would appear, therefore, that a direct stimu- 
lation of glucose uptake in normal tissue can be obtained under certain experimental 
conditions. 
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growth fractions were active, the latter in as low a concentration as 1.0 
per ml. of medium. Higher concentrations did not produce greater effects 
and in no instance was the response equal to that seen with insulin. When 
crude growth fractions or purified growth hormone was added together 
with insulin in vitro, there was neither enhancement nor inhibition of the 
insulin response. 

The stimulatory effect in vitro of growth hormone on glucose uptake 
can be abolished by preinjection of the animal with growth hormone. 
Hypophysectomized rats were injected daily with 100 y of purified growth 
hormone for a period of 3 days. 20 hours after the last injection the 


TaBLe II 
Effect of Growth Hormone in Vitro on Glucose Uptake by Isolated Rat Diaphragm 


The number of animals is denoted by the figure in parentheses. All diaphragms 
were incubated for 30 minutes at 37°. 





| | Glucose uptake, mg. per gm. per hr. 





























Riniaasins ah: Growth — hormone added, y per ml. Insulin, 4 y per ml. 
fraction | | ‘ie | Growth 
0 | 1 | 10 100 1000 growth riemaeey 
| | hormone | pagel 
a ‘opecamaaam BREET > 
Normal A-II {3.8 (105) 3.9 (25)|3.8 (40) 6.1 (30)/5.9 (30) 
| GH* {3.8 (105)} | 3.5 (12) 6.5 (6) (6.1 (6) 
Hypophysec- | A-II |4.6 (94) | 5.5 (6) |5.5 (9) 6.7 (9) |6.5 (9) 
tomized | GHf /4.6 (94) |>-5 (30))5.6 (36 )|5.3 (35))6.1 (6) | 





* Growth hormone preparations II and IV. 
+ Growth hormone preparations III, IV, V, VI, and 22KR2. See ‘‘Materials and 
methods” for nomenclature. 


diaphragms were removed and incubated for four successive 30 minute 
periods in the presence of 100 y per ml. of growth hormone in vitro. The 
results are presented in Fig. 1. Diaphragms from non-injected hypophy- 
sectomized rats showed the characteristic transient stimulation of uptake 
in the presence of growth hormone in vitro. With diaphragms from pre- 
injected hypophysectomized animals virtually no stimulation was observed 
when growth hormone was added in vitro. These observations offer an 
explanation for the relative insensitivity of the diaphragm from normal 
rats to the stimulatory effect of growth hormone (Table II, Fig. 1), since 
normal tissue is constantly exposed to endogenous growth hormone se- 
cretion. . 

Inhibition of Glucose Uptake by Growth Hormone Fractions—It was re- 
ported previously (1) that the glucose uptake by the diaphragm is greater 
than normal in rats deprived of pituitary secretion by hypophysectomy. 
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TaBLeE III 

Inhibitory Effect of Crude and Purified Growth Hormone on Glucose Uptake by Isolated 
Diaphragm 

The number of animals is denoted by the figure in parentheses. For nomencla- 


ture of the substances tested, see ‘(Materials and methods.”’ All diaphragms were 
incubated 30 minutes at 37°. 





Glucose uptake, mg. per gm. per hr, 








Substance injected Quantity, y | ——— 
intraperitoneally per 100 gm. | Insulin, 
| No insulin 0.0001 unit | Insulin, 0.1 unit per ml, 
| per ml. 











Panel 1. Hypophysectomized rats; diaphragm excised 3 hrs. after injection 























Control 4.9 + 0.1* (108) 6.8 + 0.1 (108) 
A-III 10,000 3.9 (5) 5.5 (5) 

os 1,000 3.1 (5) 6.5 (5) 

Bie | 10 3.5 + 0.1 (27) 6.3 (15) 
GH-22KR2t 400 4.9 (12) 6.0 (12) 
GH-22KR2 + 400 

ACTH ret 4.9 (12) 5.9 (12) 
GH-VIIt 400 3.9 (12) 

GH-22KR2t 10 4.4 (6) 
GH-IVt 4 4.0 (6) 

Panel 2. Normal rats; diaphragm excised 3 hrs. after injection 
Control 3.6 + 0.1 (66) 6.6 + 0.2 (66) 
A-III 1,000 2.9 (5) 6.3 (5) 

as 100 2.9 (5) 6.1 (5) 
GH-VIII 1,000 2.9 (5) 5.3 (5) 5.5 (5) 





Panel 3. Hypophysectomized rats; diaphragm excised 20-24 hrs. after injection 











Control 4.9 + 0.1 (108) | 5.7 (12) | 6.8 + 0.1 (108) 
A-III 100 4.1 (6) 
GH-22KR2 0.2 | 5.3 (8) 
GH-22KR2 2 3.7 + 0.4 (14) 
GH-22KR2 20 3.4 (12) 5.9 (12) 
GH-22KR2 400 3.9 + 0.1 (18) 4.7 (12) | 6.6 + 0.4 (18) 
GH-22KR2 + lipo- 400 

ACE ee 3.7 (18) 
Lipo-ACE 800§ | 4.7 (12) 6.5 (12) 
GH-IV 100 4.8 (6)|| 
GH-22KR2 SG | ese) 3.5 (6) | 5.6 (6) 
GH-22KR2 10 | 3.5 (12) 3.7 (12) | 8.1 (12) 
GH-22KR2 209 | 2.6 (6) 3.1 (6) | 5.3 (6) 
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TasiLe [1I—Concluded 





Glucose uptake, mg. per gm. per hr. 








Substance injected Quantity, y 
intraperitoneally per 100 gm. Insulin, 
No insulin 0.0001 unit | Insulin, 0.1 unit per ml. 
| per ml. 











Panel 4. Adrenalectomized-hypophysectomized rats; diaphragm excised 20-24 hrs. 
after injection 





Control 4.7 + 0.2 (28) 7.1 (28) 
Lipo-ACE 800§ | 4.7 + 0.2 (17) 7.1 (17) 
GH-22KR2 400 | 4.1 + 0.1 (29) 6.7 (23) 
GH-22KR2 + lipo- | 400 

ACE | pr 3.5 + 0.1 (17) | 6.7 (17) 





* Standard error of the mean. . 

{ Seven additional preparations were tested at this dose; all were active. 

t Nine preparations of growth hormone were tested for inhibitory activity at 3 
hours; five of these had little or no activity in a dosage range from 10 to 400 y per 
100 gm. . The remaining four were moderately to strongly inhibitory. 

§ Dosage équivalent to 800 y of 17-hydroxycorticosterone by the manufacturer’s 
assay. The lipoadrenal cortical extract (ACE) was kindly donated by The Upjohn 
Company. 

|| Tested 48 hours after injection. 

{| Micrograms per day for 10 days. 


Similar results were obtained by Villee and Hastings (23) and by Bornstein 
and Nelson (24), but were not obtained consistently by Perlmutter and 
Greep (25) or Li, Kalman, and Evans (26, 27). We have repeated our 
experiments and, with a large series of test animals, have again found 
that the glucose uptake by diaphragm from hypophysectomized rats is 
about 35 per cent above the normal rate (Table ITT). 

It was reported also (2, 3) that the injection of crude or purified growth 
hormone will lower the glucose uptake by diaphragm from hypophysec- 
tomized rats to normal. This finding has now been studied in more detail. 
Inhibition has been observed consistently 3 hours after the injection of 
crude growth hormone (Table III, Panel 1) in doses as small as 10 y of 
protein per 100 gm. of rat. This amount of crude material contains 2 to 
4 of growth hormone. Purified growth hormone was also highly active. 
Although inhibition was not uniformly observed 3 hours after injection 
of the purified hormone, as little as 2 y of protein was consistently active 
18 to 24 hours after injection (Table IIT, Panel 3). This amount of hor- 
mone is about one-fifth of that required to support a growth rate of 1 gm. 
per day in a 100 gm. hypophysectomized rat. The persistence of inhibi- 
tion has not been studied in detail, but no effect was detected 48 hours 
after the single injection of 100 y of hormone (Table III, Panel 3). 
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Although the diaphragm from hypophysectomized rats was very sensi- 
tive to the single injection of a small quantity of growth hormone, its 
uptake could not be lowered below the normal rate even by a relatively 
large amount of hormone (Table III, Panel 3). Subnormal rates were 
obtained in two out of three experiments when growth hormone was in- 
jected daily for a period of 10 days (Table III, Panel 3). The uptake 
by the diaphragm of normal rats was depressed significantly but to a 
lesser extent than with hypophysectomized rats (Table III, Panel 2). 

The inhibitory effect of growth hormone is enhanced by adrenal cortical 
extract (Table III, Panel 4). When growth hormone was injected into 
adrenalectomized-hypophysectomized rats and the diaphragm tested 20 
hours later, only partial inhibition of uptake was observed. Full inhibi- 
tion was obtained when adrenal extract was injected together with the 
growth hormone. The extract by itself in the quantity used did not affect 
glucose uptake. This potentiation is in accord with earlier observations 
on the diaphragm (2) when crude growth hormone was used and with the 
effect of adrenal extract on the pituitary inhibition of hexokinase (28). 
It is also consistent with the effect of adrenalectomy upon glucose uptake 
of diaphragm from diabetic rats (16). 

Growth hormone may inhibit the stimulatory effect of insulin under 
certain test conditions. This inhibition was most clearly seen when the 
growth hormone was injected daily for 10 days and when low concentra- 
tions of insulin were added in vitro (Table III, Panel 3). Inhibition was 
less apparent with higher concentrations of insulin. In this connection, 
under our present test conditions the uptake by diaphragm from normal 
rats may reach as high a level in the presence of insulin as that from hy- 
pophysectomized rats and nearly as high as in the adrenalectomized-hy- 
pophysectomized preparation (Table IIT). 

Identity of Pituitary Substance Affecting Glucose Uptake with Growth Hor- 
mone—Two groups of data favor the conclusion that the effects on glucose 
uptake discussed above are due either to the crystalline growth hormone 
itself or to substances derived from it in vivo. 

1. Only a few micrograms of crystalline hormone, prepared either by 
the procedure of Li et al. (29) or of Wilhelmi et al. (21) were required for 
activity in the glucose uptake test systems. Repeated refractionation 
and crystallization did not reduce activity. For example, sample GH-IV 
(Table III) was fully active after four recrystallizations. 

2. No selective loss of activity was observed when an attempt was made 
to destroy either the growth or the glucose uptake effect of crystalline 
growth hormone by various chemical procedures (Table IV). It should 
be noted, however, that the assays for these activities do not allow accurate 
titration, and therefore only extensive separations could have been ob- 
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‘ served. The hormone at a concentration of 0.5 mg. per ml. was treated 


S by the following procedures, adapted from those of Li e¢ al. (29) and 
y Fraenkel-Conrat et al. (30): (a) heating at 60° for 60 minutes in 0.1 m 
e 

3 TaBLe IV 

e Glucose Uptake and Growth Activities of Crystalline Growth Hormone after Various 
a, Chemical Treatments 


See the text for details of the procedures. The number of animals is denoted by 
1 the figure i in n parentheses. 














Prevratin and treatment | gftey | Homagzgemic luce epake| Grant spiny 
i- | Y | mg. per cent a | “ 
€ Control | —6 (11) 5.1 (31) | 0 (31) 
zt GH-IV | 100 | -103 (4) | 3.8 (27) | 97 (24)§ 
1S 10 | —45 (4) 4.3 (27) | 34 (28) 
‘ 1 | —14 (4) 
Li GH|| 100 | —89 (4) 3.6 (10) | 101 (10)§ 
y | 10 | 4.3 (10) | 21 (10) 
ce GH- TV, 60°, 60 min., pH 4 | 100 | —d41 (4) GBT | 8 (7) 
60°,60 “ “ 8 | 100 | ~—104 (4) | 4.5 (7) 59 (7) 
ar “ 100°, 10 min., pH 8 | 100 —9 (3) | 4.9 (12) 0 (12) 
e - urea-treated ; 100 3.7 (5) 91 (5) 
“ —__ eysteine-treated | 100 | 83 (19) | 3.6 (28) | 95 (28) 
i “  trypsin-treated | 100 | —15 (4) | 5.1 (6) | 17 (6) 
AS  ——— 1 1 t ‘ 
Nn, * Assayed by the fall in blood glucose between 10 and 70 minutes after the intra- 
al venous injection of 100 y of test sample per 100 gm. of tissue in eviscerated-hypo- 
y- physectomized rats. 1 ml. of 10 per cent glucose was injected with the sample to 
my give an average of 10 minute blood glucose of 213 mg. per cent. 


+ Assayed by the glucose uptake of the diaphragm measured 20 hours after the 
fourth injection into hypophysectomized rats of 25 y per day of the test sample per 
or 100 gm. 





Se t Assayed by the increase in width over the control of the tibial epiphyseal carti- 
ne lage (34) 20 hours after the fourth injection of 25 y per day of the test sample per 
100 gm. 
SA value of 89 w» was obtained when Armour’s GH-22KR2 was assayed under the 
by same conditions. 
for || Kindly supplied by Dr. C. H. Li. 
on , 
IV sodium acetate buffer, pH 4.0; (b) heating at 60° for 60 minutes at pH 8.0 
in buffer as above; a suspension of the protein was injected; (c) heating at 
ide | 100° for 10 minutes in 0.15 m tris(hydroxymethyl)aminomethane buffer, 
ine pH 8.0; a suspension of the precipitated protein was injected; (d) incuba- 
uld tion with 6 M urea at 25° for 24 hours, buffered with 0.1 m sodium phos- 
ate phate, pH 7.0; (e) incubation with cysteine at 28° for 48 hours in 0.15 m 
ob- tris(hydroxymethyl)aminomethane buffer, pH 8.0. The cysteine concen- 





VIiIM 








162 GLUCOSE UPTAKE BY DIAPHRAGM 


tration was 5 mg. per ml.; (f) incubation with crystalline trypsin® (6 y 
per ml.) at 37° for 90 minutes in 0.02 m sodium phosphate, pH 8.0. 

The possibility was considered that the stimulation of glucose uptake by 
growth hormone might have been due to the presence of insulin in the 
pituitary protein. The following observations are against this possibility, 
(1) The stimulation of uptake by the pituitary substance, even at high 
concentrations, was never equal to that seen with insulin (Table II), 
(2) Stimulation of uptake was not seen with diaphragm from normal 
rats (Table IT); yet this tissue was as sensitive to the effect of insulin (in 
our test system) as diaphragm from hypophysectomized rats (1). (3) 
The stimulatory effect of growth hormone survived treatment with cysteine 
and was destroyed by trypsin (Table IV). Insulin, on the other hand, 
is known to be destroyed by cysteine (31) and is resistant to trypsin (32, 
33). In our experiments, control tubes were set up in which serum albumin 
was substituted for the growth hormone and insulin was added. In the 
case of incubation with cysteine, it was estimated that 90 per cent of the 
added insulin (0.5 unit per ml.) was destroyed in 24 hours. In the case of 
trypsin at least 70 per cent of the added insulin (0.02 unit per ml.) survived 
incubation. 


DISCUSSION 


The biphasic action of crystalline growth hormone on glucose utilization 
is illustrated in Fig. 2. The effect of growth hormone on the blood sugar 
of the hypophysectomized rat is compared with the effect of insulin. The 
dose of insulin was adjusted to give the same fall in blood sugar as was ob- 
tained with growth hormone, and it can be seen that the two curves are 
very similar in the first 90 minutes. During the next 90 minutes, however, 
the blood sugar rises following injection of growth hormone but remains low 
after insulin. The top curve, showing the effect of growth hormone on the 
glucose uptake by the diaphragm, indicates that the initial fall in blood 
sugar is due to stimulation of glucose uptake by the tissues and the sub- 
sequent rise in blood sugar to inhibition of uptake by the growth hormone. 

The stimulation of glucose uptake, the subsequent inhibition of uptake, 
and the stimulation of growth were observed after injection of very small 
quantities of crystalline hormone prepared either by the Li or by the Wil- 
helmi procedure. When crystalline hormone was subjected to a variety 
of physical and chemical treatments, these three activities were retained 
or lost to equal degrees. These observations strongly support the idea 
that it is the crystalline growth hormone itself which is responsible for all 


3 Prepared by Dr. M. Kunitz. 


4 If this were the case, the insulin content of crystalline growth hormone would 
be about 0.2 per cent. 
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)y three effects. It is not clear, however, whether all of these effects of 
growth hormone are direct effects. The stimulatory effect is seen after 
by addition of the protein to the diaphragm in vitro and occurs immediately 
che after injection in vivo. It appears, therefore, to be a direct effect of the 
ty. crystalline protein. The inhibitory effect, on the other hand, is not ob- 
igh tained by addition of the protein in vitro and occurs in vivo after a latent 
I), period of 2 or more hours. Either the stimulatory effect is dominant but 
nal of short duration or the inhibitory effect is indirect. In the latter case, 
(in 7 
(3) a 
ine ra $ 6 
nd, Q £s 5 
32, = 3 a 
nin = # 
the Pps 
; 45 
Wn 
" 238 
2 
ct: ane 
. ' T q 1 
ion fe) 60 120 180 
Ts TIME AFTER INJECTION 
“a MINUTES 
Fig. 2. Glucose uptake by diaphragm and change in blood glucose of hypophy- 
asin sectomized rats following intraperitoneal injection of growth hormone. The animals 
er, were fasted 20 to 24 hours before use. @, glucose uptake by diaphragm after GH-IV, 
Ow 4 to 200 y per 100 gm. (ten rats); O, blood glucose after GH-IV, 100 to 1000 y per 100 
the gm. (ten rats); A, blood glucose after insulin, 0.25 to 0.50 y per 100 gm. (ten rats). 
r it is improbable that it is mediated through some other endocrine organ, 
wa: since inhibition develops in eviscerated-hypophysectomized and in adrenal- 
ke, ectomized-hypophysectomized rats. The following working hypothesis 
all appears most consistent with our own and with the published data pertinent 
vil. to this problem. The crystalline growth hormone as prepared is predomi- 
oty nantly a substance directly stimulatory to glucose uptake, but it can be 
at modified in vive by the tissues to form a substance which inhibits glucose 
len uptake directly. The injection of crystalline growth hormone, therefore, 
all supplies the necessary precursor substance for the formation of the in- 
| hibitory principle. 
ald This concept of chemically related but distinct stimulatory and in- 


hibitory principles can be applied to our observations on the effect of growth 
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hormone in vitro on glucose uptake by the diaphragm, as follows. It 
was observed that the crystalline growth hormone accelerates glucose up- 
take by the diaphragm from hypophysectomized rats, but has little or 
no effect on diaphragm from normal rats or on diaphragm from hypophy- 
sectomized rats inhibited by prior growth hormone injection. In the latter 
two cases, the inhibitory substance is already present in the tissue and 
blocks the action of the stimulatory crystalline protein. This block may 
be completely or partially overcome by insulin, however, depending on the 
effective concentrations of the inhibitor and insulin in the tissue. Our 
experimental observations are in harmony with those of de Bodo and his 
associates (12, 15). These workers have shown that hypoglycemia in the 
hypophysectomized dog follows the first injection of growth hormone, but 
does not follow subsequent injections given on successive days. Associated 
with the complete inhibition of the hypoglycemic (stimulatory) effect of 
growth hormone, a moderate degree of insulin resistance also develops. 

It seems likely that crude pituitary fractions contain in variable amount 
the postulated directly inhibitory growth hormone derivative and that 
this substance is labile to fractionation procedures. It was observed that 
crude growth hormone (fraction A) becomes inhibitory at a shorter time 
interval after injection than certain crystalline preparations of higher 
growth activity. In Table III it is seen that eight different preparations 
of fraction A were uniformly inhibitory 3 hours after injection, whereas 
five out of nine crystalline preparations of higher growth potency were 
inactive at this time interval. The more rapid action of the crude frac- 
tions could not be accounted for on the basis of ACTH content, since a 
crystalline preparation plus ACTH did not give inhibition at 3 hours 
(Table III), nor could the more rapid effect be explained on the basis of 
secondary effects on the pancreas, as inhibition with the crude fraction 
was noted at 3 hours in the eviscerated rat (Table I). These observations 
are consistent with the proposal that the crude fractions contain a greater 
amount of the direct acting inhibitory principle. 


The authors are indebted to Dr. Carl F. Cori for his advice and en- 
couragement. 


SUMMARY 


1. The effect of growth hormone on the glucose uptake by the isolated 
rat diaphragm has been studied. Two principal effects have been ob- 
served: 

Stimulation of Uptake—Crystalline growth hormone injected into hy- | 
pophysectomized rats causes an'immediate transient stimulation of glucose 
uptake by the diaphragm. Hypoglycemia develops concurrently and is | 
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It observed after the injection of as little as 10 y of hormone. The stimula- 
ip- tion of uptake is not dependent on insulin secretion, since it occurs in 
or eviscerated rats and after addition of growth hormone in vitro. The tissue 
\y- of normal rats is relatively refractory to this effect of growth hormone 
ber and no hypoglycemia occurs after the injection of 100 y of hormone. Also, 
nd diaphragms from hypophysectomized rats pretreated with growth hormone 
ay were refractory to the stimulatory effect of growth hormone in vitro. 
he Inhibition of Uptake—Growth hormone injected into hypophysectomized 
ur rats causes inhibition of glucose uptake by the diaphragm. This inhibi- 
his tion develops after the period of stimulation and may be detected 2 to 3 
the hours after injection. Inhibition persists for at least 24 hours after the 
yut injection of as little as 2 y of hormone. Inhibition also follows the in- 
" jection of growth hormone into normal rats. 

0 


The inhibitory effect of growth hormone is potentiated by adrenal cor- 
tical extract. This extract has no inhibitory effect in the absence of 
int growth hormone under the conditions tested. 


hat The stimulatory effect of insulin on glucose uptake is reduced in dia- 
hat phragm in which the glucose uptake has been inhibited by prior injection 
me of repeated doses of growth hormone (insulin resistance). 

her 


2. The above effects could be obtained with a few micrograms of crystal- 
ons line growth hormone prepared either by the Li or the Wilhelmi procedure. 


cas When crystalline growth hormone was treated by a variety of physical 
ere and chemical procedures, the separate activities in respect to stimulation 
ac- of glucose uptake, inhibition of uptake, and stimulation of growth were 
ea retained or lost to equal degrees. It is concluded, therefore, that the crys- 
urs talline growth hormone itself gives rise to both the stimulatory and in- 
: of hibitory effects on glucose uptake. It is postulated that the stimulatory 
Aon action is a direct effect of the hormone as prepared, but that the inhibitory 
ons effect is indirect and depends on the modification in vivo of the crystalline 
ter protein into a directly inhibitory principle. 
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THE INFLUENCE OF PRELIMINARY SOAKING ON GLUCOSE 


163, UTILIZATION BY DIAPHRAGM* 


™ By DAVID H. BROWN, C. R. PARK, WILLIAM H. DAUGHADAY,t anp 
, MARVIN CORNBLATH$ 


iol, (From the Department of Biological Chemistry, Washington University School 
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Biol, (Received for publication, February 11, 1952) 


The isolated rat diaphragm has been used widely as a convenient tissue 
with which to study glucose utilization by muscle. Some data have been 
published on the influence of various extrinsic, non-hormonal factors on 
carbohydrate utilization by the diaphragm, such as substrate concentra- 
tion, pH, and ionic environment (1-4). The principal effect to be dis- 
cussed in this paper is the increase in glucose uptake which may be ob- 
served after various soaking procedures. As much as a 2-fold rise may 
occur as a result of soaking the diaphragm at a low temperature for a 
period of a few minutes prior to incubation. In our experience, this 
1. effect has not qualitatively altered certain well established hormonal. in- 
fluences but can obscure them if it is not appreciated. The time curves 
M., of glucose uptake and glycogen synthesis have also been studied and their 
relationship to the soaking phenomenon is discussed. In addition, a 
few observations are reported on the dependence of glucose uptake on 
the rate at which the diaphragm is shaken. 


lem. ; 


Methods and Materials 


Animals—Male rats of the Sprague-Dawley strain, weighing 90 to 
120 gm., were fasted for 18 to 24 hours before use. Details of the prepa- 
ration of the animals have been given elsewhere (5). 

Test Procedure—This was similar to that described previously (5), ex- 
cept that all incubations were carried out in 20 ml. beakers in a Dubnoff 
metabolic incubator. Except in the experiments described in the first 
section below, the beakers were shaken at the rate of 140 cycles 
per minute. Hemidiaphragms were incubated in 0.70 ml. of Krebs-Hen- 
seleit bicarbonate solution containing 140 mg. per cent of glucose and pairs 


logy, 
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of hemidiaphragms in 1.0 ml. of the same medium. All soaking proce. 
dures were carried out in 10 ml. of the medium in covered beakers held 
at the desired temperature. A highly active growth hormone, GH-IV (6), 
was used. Insulin was supplied by Eli Lilly and Company. 

Glycogen was determined by the method of Walaas and Walaas (7), 


Results 


Effect of Shaking Rate during Incubation on Glucose Uptake by Dio- 
phragm—Fig. 1 shows the results of a series of experiments in which dia- 
phragms from hypophysectomized rats were incubated at four different 
rates of shaking and the glucose uptake measured. The dependence of 
glucose uptake on the shaking rate indicates that the diffusion of glucose 
- into the tissue is one factor which limits the rate at which it can be meta- 
bolized. A similar effect was observed by Krahl and Park (5) in their 
study of the response of the diaphragm to insulin. 

Effect of Preliminary Soaking of Diaphragm on Glucose Uptake—Ex- 
periments with diaphragm have frequently involved its exposure to me- 
dium under various conditions prior to the actual determination of carbo- 
hydrate utilization. We have observed that the conditions of this pre- 
incubation treatment affect subsequent glucose uptake markedly. Fig. 
2 (Curve 3) shows the results of soaking the diaphragm of normal rats at 
0° in Krebs-Henseleit bicarbonate-buffered medium for various lengths 
of time. It is seen that glucose uptake rises sharply and in a short time 
attains a plateau which is twice that of the unsoaked tissue. This phe- 
nomenon is dependent upon temperature and the presence of medium. 
When the tissue was held at 0° in a moist chamber in the absence of any 
medium (Curve 1), the rise of glucose uptake was slow; when tissue in 
medium was held at 37° instead of at 0° (Curve 2), the rise was less 
marked also. 

A possible explanation for the rise in rate is that an inhibitor is washed 
out of the tissue; this was investigated as follows. A hemidiaphragm 
was soaked at 0° for 30 minutes in 0.7 ml. of Krebs-Henseleit medium. 
The glucose uptake was measured without removing the tissue from the 
medium and, thus, in the presence of the postulated inhibitor. In a 
parallel experiment a hemidiaphragm was soaked in 10 ml. of medium 
and then transferred to 0.7 ml. of fresh solution for measurement of glu- 
cose uptake. In the latter case, presumably no inhibitor was present 
during incubation. The data of Table I show that the increment of rate 
produced by each soaking technique was essentially the same. ‘This 
indicates that if any inhibitor is removed from diaphragm by soaking it 
becomes inactive in the medium under these test conditions. 

The data of Table I and Fig. 3 show that a rise in glucose uptake occurs 
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with diaphragm from hypophysectomized rats and that the curve of 
uptake versus soaking time is approximately parallel to that obtained 
with the diaphragm from normal rats. Furthermore, if diaphragm of 








rm 
fc 6t 
ir 
et 
i 
w = 5+ 
n O 
os fo) 
39 
e 47 ‘ 
O 
3 1 lL lL 1 1 lL 
fe) 50 100 150 


SHAKING RATE, CYCLES / MINUTE 


Fic. 1. Rate of glucose uptake as a function of shaking rate of incubation 
vessels. Each experimental point represents the average of values from six to 
fifteen hypophysectomized rats. The two hemidiaphragms from each rat were 
soaked 30 minutes at 0° in 10 ml. of Krebs-Henseleit salt solution containing 140 
mg. per cent of glucose and then incubated at 37° in 1.0 ml. of fresh medium for 
30 minutes. 
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SOAKING TIME, MINUTES 
Fig. 2. Dependence of glucose uptake by diaphragm from normal rats on con- 
ditions of pretreatment. Curve 1, tissue kept at 0° in absence of medium. Curve 
2, tissue soaked at 37° in 10 ml. of Krebs-Henseleit salt solution containing 140 mg. 
per cent of glucose. Curve 3, tissue soaked at 0° in medium as above. Two hemi- 
diaphragms were incubated at 37° in 1.0 ml. of fresh medium for 30 minutes. 


hypophysectomized rats is inhibited by prior injection of growth hormone, 
this inhibition relative to a similarly treated control is apparent at all 





times of soaking. It can also be seen that the increment produced by 
insulin is the same at 0 and 30 minutes soaking (Fig. 3). These facts 


XUM 








170 


GLUCOSE UTILIZATION 


TABLE I 
Glucose Uptake by Diaphragm As Function of Soaking Procedure 

Hypophysectomized rats were used. Following the soaking procedure indicated 

in the table headings, paired hemidiaphragms were incubated for 30 minutes under 


95 per cent O2-5 per cent CO: at 37° in 0.7 ml. of Krebs-Henseleit solution containing 
140 mg. per cent of glucose. 


BY DIAPHRAGM 








Control, hemidiaphragm 
soaked in medium at 0° 
before incubation 


Glucose uptake 
of control 
hemidiaphragm 


| 


Glucose uptake of test hemidiaphragm 





| 


Soaked 30 min. in 0.7 ml. 
medium at 0°; incubated 
without transfer 


Soaked 30 min. in 10 ml, 
medium at 0°; incubated 
after transfer 














min mg. per gm. per hr. mg. per gm. per hr. mg. per gm. per hr. 

1 2.71 5.41 

af 3.08 6.40 

2.5 4.15 4.80 

1 2.78 5.24 

1.5 4.25 5.15 

1.5 4.67 4.82 
Average.......... 3.60 5.54 5.07 








indicate that the soaking phenomenon is independent of the hormonal 
effects of insulin and of pituitary inhibitor (6). 

Flink, Hastings, and Lowry, using liver slices (8), have recently shown 
that a loss of potassium and a gain of sodium occurs when the tissue is 
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Fig. 3. Dependence of glucose uptake on time of soaking at 0°. 
phragm from normal rats. 
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Curve 1, dia- 


Curve 2, diaphragm from hypophysectomized rats. 


Curve 3, diaphragm from hypophysectomized rats injected with 100 y of growth 
hormone 22 hours prior to treatment. 
in vitro with 0.1 unit of insulin per ml. of medium. Two hemidiaphragms were 
soaked at 0° in 10 ml. of Krebs-Henseleit salt solution containing 140 mg. per cent 
of glucose and then incubated at 37° in 1.0 ml. of fresh medium for 30 minutes. 


X, diaphragm from normal rats incubated 
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TABLE II 
Potassium Content of Diaphragm after Various Soaking and Incubation Procedures 


Two hemidiaphragms from normal rats were incubated in 1 ml. of Krebs-Hen- 
seleit medium for 30 minutes at 37°; six rats were used for each set of conditions. 
The tissue was removed without chilling at the end of incubation, blotted, weighed, 
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— and digested with H_SO,-HNO;; potassium analyses were made with the Weichsel- 
ning baum flame spectrophotometer. 
- Temperature Subsequent glucose pee 9 ; ponte Potassium content 
dering soaking Time of soaking of 107 wait insulin Sone 
per ml, ation 
a se *¢. min. mg. per gm. per hr. | mg. per gm. per hr. mM per kg. 
a 0 1.98 81.4 
hr. 37 2.5 2.43 81.3 
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36 Fig. 4. Glucose uptake and glycogen synthesis by diaphragm of normal rats as 
a function of time of incubation. The solid circles and height of the solid bars 
pt denote values without added insulin; open circles and total height of the 
we bars, values with 0.1 unit of insulin per ml. The four quarter diaphragms from a 
bass: single rat were soaked 5 minutes at 0° in 10 ml. of Krebs-Henseleit salt solution 
iad containing 140 mg. per cent of glucose; six quarters were then pooled in 1.0 ml. of 
wail fresh medium and incubated at 37° for successive 30 minute periods; eighteen to 


66 rats were used for determination of each point. The diaphragms were trans- 
ferred to fresh medium at the start of each 30 minute period. The values for glu- 
cose uptake are plotted for the mid-points of the incubation periods. 
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kept under anaerobic conditions in a medium with a low potassium and 
high sodium ion content similar to the one employed here. In medium 
sufficiently cold to slow metabolic activity within the cell, it might be 
expected that similar ion shifts would occur in the case of the diaphragm 
in vitro. In a limited number of observations a considerable loss of in- 
tracellular potassium was measured from diaphragms which had _ been 
soaked at 0° and even at 37° before incubation (Table II). In a few 
experiments in which the potassium content of the medium was increased 








7 
uw 71 
2 < s- 
Ww S 
n 4 
a 
U 

5 ae 
as 

oO 


NET GLYCOGEN 
SYNTHESIS 
MG/GM/HR 








' i LJ T 


1 
fe) 30 60 90 120 
TIME OF INCUBATION, MINUTES 


Fig. 5. The results were obtained and expressed as in Fig. 4, except that hypo- 
physectomized rats were used. A values are for unsoaked diaphragms. 


from 6 to 78 mm and the sodium concentration reduced in order to main- 
tain isomolarity, the loss of intracellular potassium was prevented. How- 
ever, the soaking effect on glucose uptake was not regularly abolished. 
At present, therefore, it is not possible to ascribe the soaking effect to a 
change in the potassium and sodium content of the tissue. 

In view of our lack of understanding of the process involved, it is im- 
possible to know whether the low rate of unsoaked tissue or the high rate 
of soaked tissue is more representative of glucose uptake by the diaphragm 
in vivo. ; 

Glucose Uptake, Glycogen Synthesis, and Insulin Effect As Functions of 
Incubation Time—Park and Daughaday reported (9) that glucose uptake 
by the diaphragm and the effect of added insulin diminish during 2 hours 


XUM 








of i 
tiss 


bot 
at 
Sin 


30a 
(Fi 
spe 
der 
cre 


tai 
pel 
for 
no 


by 
cul 


C01 
are 
tat 
ins 


as 
th 


0° 
at 


th 








1 and 
dium 
ht be 
ragm 
of in- 
been 
a few 
eased 


hypo- 


maili- 
Hov- 
ished. 
t to a 


is im- 
h rate 
ragm 


ons of 
ptake 
hours 





XUM 


BROWN, PARK, DAUGHADAY, AND CORNBLATH 173 


of incubation. We have extended these observations and have compared 
tissue from normal and hypophysectomized rats in this regard. Figs. 
4 and 5 present the results. It is apparent that the uptake by diaphragm 
both from normal and hypophysectomized rats diminishes rapidly and 
at approximately the same rate over four 30 minute incubation periods. 
Similarly, the effect of added insulin diminishes with time. When dia- 
phragm from hypophysectomized rats is incubated without preliminary 
soaking at 0°, its glucose uptake is low but remains approximately constant 
(Fig. 5). The constancy of uptake by the unsoaked tissue may have no 
special significance, since it can result from a balance between the ten- 
dency of the uptake to rise owing to the soaking phenomenon and to de- 
crease with the metabolic activity as the tissue deteriorates. 

The data of Figs. 4 and 5 show that the capacity of diaphragm to main- 
tain a net synthesis of glycogen also falls off rapidly with time. About 75 
per cent of the glucose taken up in the first 30 minutes can be accounted 
for by newly formed glycogen. In the second 30 minute period, little or 
no synthesis could be measured. 


DISCUSSION 


Glucose uptake by the diaphragm has been found to be markedly affected 
by the conditions under which the tissue is held prior to and during in- 
cubation. The magnitude of these effects is equal to that of any hor- 
monal effect so far studied and, therefore, if not carefully controlled, may 
confuse the interpretation of hormonal influences. When the conditions 
are adequately controlled, we have never failed to demonstrate quali- 


tatively either the effect of hypophysectomy, of growth hormone, or of 
insulin. 


We wish to express our appreciation to Dr. Carl F. Cori and Dr. M. E. 
Krahl for their advice and encouragement during this work. 


SUMMARY 


1. Preliminary soaking of the rat diaphragm under certain conditions 
in Krebs-Henseleit salt solution containing glucose may lead to as much 
as a 2-fold increase in subsequent glucose uptake. 

2. The order of effectiveness of various soaking conditions in causing 
this rise in glucose uptake is as follows: 0° in medium > 37° in medium > 
0° in no medium. The process leading to the rise in uptake in medium 
at 0° is nearly complete in 10 minutes. 

3. No inhibitor was demonstrated in the fluid in which the diaphragm 
was soaked. It was observed that potassium is lost as a result of soaking; 
this finding suggests that changes in cell permeability occur. 

4. The glucose uptake of soaked diaphragm falls to less than 50 per 
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cent of its initial value during 2 hours of incubation. The capacity of the 
tissue to show a net synthesis of glycogen from glucose is lost even more 
rapidly. 
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(Received for publication, February 11, 1952) 


For many years diphosphopyridine nucleotide (DPN) has been ob- 
served to be unstable in microorganisms, plants, and animal tissues (1). 
Two types of DPN-splitting enzymes are known. One is a nucleosidase 
(DPNase) which involves hydrolysis of the glycosidic bond between nico- 
tinamide and the rest of the molecule (2-6). Another type of enzymatic 
hydrolysis of DPN involves cleavage of the pyrophosphate bond (7). 

In animal tissues, especially in brain and liver, DPNase activity was 
found to be remarkably great. As the first step in studying the complete 
synthesis of DPN in vitro by liver enzymes, it was considered necessary 
to investigate the intracellular distribution of DPN nucleosidase in liver. 
From these studies the liver fractions most potent in this activity could 
be singled out and removed from the DPN-synthesizing portion if possible. 
Therefore, the present experiments were carried out to investigate this 
distribution of DPNase in rat liver by Schneider’s method of differential 
centrifugation (8). 


EXPERIMENTAL 


Preparation of Liver Fractions—Normal, adult, male rats of the Holtz- 
man strain were used as experimental animals. The livers were removed 
and the fractions prepared in isotonic sucrose according to the methods 
outlined by Schneider (8). The fractions, nuclei (N), mitochondria (Mt), 
microsomes (Ms), and supernatant (S), were diluted to the appropriate 
volumes with isotonic sucrose and kept in cracked ice until all the frac- 
tions had been prepared. The fractions were studied singly and in various 
combinations. When the whole homogenate activity was determined, 
1.0 ml. of a 1:100 homogenate was used. The volumes of the various 
fractions listed above were equivalent to the amount of that fraction in 
1.0 ml. of 1:100 whole homogenate. This permitted comparison of the 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. 
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activity of the original unfractionated homogenate with the sum of the 
various fractions. 

Measurement of DPN Splitting by Nucleosidase—The incubation mix- 
ture (final volume 3 ml.) contained 1 ml. of Schwarz DPN (119 to 134 
vy) in Krebs-Ringer-phosphate buffer, pH 7.4, and various fractions of the 
liver homogenate in isotonic sucrose solution. In all-cases, isotonic suc- 
rose was added to bring the final volumes to 3.0 ml. In this way all of 
the tubes contained equal volumes of isotonic sucrose and buffer. In- 
cubations were carried out at 37°. After 20 minutes the reaction was 
stopped by adding a mixture of 5 ml. of 2 per cent trichloroacetic acid 
plus 1 ml. of 30 per cent hydrogen peroxide (9). The DPN remaining 
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DPN Nucleosidase Activity of Fractions Isolated from Rat Liver Homogenates in 
Isotonic Sucrose (Low Substrate Concentration) 

















Fraction yrompag Fraction george hong 
per cent per cent 
Reconstructed homogenate (N 100 N + Mt 43 
+ Mt + Ms + 8) Mt + Ms 53 
Nuclei (N) 37 “+85 38 
Mitochondria (Mt) 4 N + Mt + Ms 79 
Microsomes (Ms) 53 “4+“4S5 67 
Supernatant (S) 42 Mt +Ms+S5 85 
Whole homogenate 100 N+Ms+S5S 99 





* See the text for the explanation of how the results are calculated. 


was determined fluorometrically by the method of Huff and Perlzweig 
(10). 

The results of the DPN splitting in the various fractions are shown in 
Table I. The activity is calculated in terms of the per cent of added 
DPN split by the reconstructed homogenate as being 100; 7.e., the per 
cent of the DPN substrate hydrolyzed by a mixture of the nuclei, mito- 
chondria, microsomes, and supernatant is calculated to be 100. In this 
way the activities of the various fractions can be directly compared with 
the total activity as well as with each other with a minimum of calcu- 
lation. Enzyme activities of rat liver fractions have been reported this 
way in two preceding publications (11, 12). The figures reported in the 
present investigation are the averages of seven separate experiments. 

From the results in Table I it appears that the relative activity of 
DPNase in the various fractions is in the following order: microsomes, 
supernatant, nuclei, and mitochondria. The activities of the microsomes, 
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supernatant, and nuclei were actually nearly the.same, while the activity 
of DPNase in the mitochondrial fraction was distinctly low. In three 
of the seven experiments no DPNase activity was found in the mito- 
chondria at all, which indicates that the small activity obtained in the 
other experiments was probably due to contamination of the mitochondria 
by other fractions. 

The activities of the reconstructed homogenate and the original un- 
fractionated whole homogenate were found to be the same. Since these 
activities were the same, the enzyme appears to be entirely stable during 
the process of fractionation. However, if one adds the activities of the 
various individual fractions together, the total activity is higher than 
that of either the reconstructed homogenate or the original whole homog- 
enate. A similar situation was observed in a study of the intracellular 
distribution of choline oxidase (10). In the latter case it was found that 
whenever the supernatant fraction was added to any one fraction or com- 
bination of fractions the activity of those fractions was inhibited. In the 
present study various combinations of fractions were assayed for DPN 
nucleosidase activity, as shown in Table I. In every case, except for the 
mixture of nuclei and mitochondria, the total activity was lower than 
the sum of the corresponding individual activities. However, no single 
fraction could be picked out as the one causing the inhibition, since no 
one fraction was common to all of the mixtures. Therefore, this suggested 
that either the substrate concentration (DPN) was limiting or the activity 
for DPNase is not directly proportional to the enzyme concentration 
(cf. Shiitz’ rule (13)). 

Relation of Substrate Concentration to Activity—Experiments were carried 
out in which the concentration of DPN was varied and the enzyme con- 
centration was kept constant (1 ml. of 1:100 whole rat liver homogenate). 
The results of a representative experiment of this type are shown in Fig. 
1. It can be seen that a typical substrate-activity curve was obtained, 
with slight inhibition, however, at one very high DPN concentration. 
The concentration of DPN used in obtaining the results of Table I may 
have been limiting, since it lies in the earlier portion of the curve (ap- 
proximately 120 y per tube). In order to check this point another series 
of experiments similar to those reported in Table I was run with a DPN 
concentration from the asymptotic portion of the curve (650 y of DPN 
per tube). The results of these experiments are reported in Table II, 
where it can be seen that almost exactly the same results were obtained as 
with the lower level of DPN (Table I). This indicates that the results 
of Table I are valid in that substrate concentration was not limiting and 
so could not explain the apparent inhibition of activity when two or more 
of the fractions were mixed. Therefore, it appears that the fractions 
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are either mutually inhibitory or that activity is not directly proportional 
to enzyme concentration. 

Calculation of the Michaelis constant for DPN nucleosidase with DPN 
as substrate from the activity-substrate concentration curve gives an 
average value of 1.08 XK 10-‘m. The Michaelis constant was determined 
by Lineweaver-Burk plots of the data shown in Fig. 1 (14). 
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Fig. 1. The relation of DPN concentration to the activity of rat liver DPN 
nucleosidase. @ and © denote separate experiments. 
Taste II 


DPN Nucleosidase Activity of Fractions Isolated from Rat Liver Homogenates in 
Isotonic Sucrose (High Substrate Concentration) 











Fraction Relative DPNase activity* 

per cent 
Reconstructed homogenate (N + Mt + Ms +S8)........ 100 
PCRS SP ers atts Rie Ta see ete of TAD tes crc Meu aes 34 
SY res tar Oe oe Cg ae nee eee ee fy ne Oe 3 
Ne ah oc ah i ek ha 28 ieee Ne a Bisa lela dca hue 50 
sas eae ee ee ig A Ga ot re 45 
Lo ke LOTT 2) a a a al art AM a 100 








* See the text for the explanation. of how the results are calculated. 


DISCUSSION 


From the results of this investigation a quite unusual situation was ob- 
served in that DPN nucleosidase is diffusely distributed in all liver frac- 
tions except the mitochondria. This may be explained, however, by the 
fact that much of the oxidative function of the cell is carried on in the 
mitochondria and DPN is required in many of these oxidative functions. 
Therefore, it is important that DPN be retained in the mitochondria 
without the possibility of being destroyed enzymatically. The fact that 
the highest DPN nucleosidase activity resides in the microsome fraction 
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nal of rat liver complements a recent observation that mitochondrial betaine 

aldehyde oxidase (a DPN-requiring enzyme) is markedly inhibited by 
oN addition of the microsome fraction to the mitochondrial system (12). 
an Probably in the intact cell enough structural organization is present to 
ed prevent such action of one fraction upon another, though this remains 


to be proved. 


SUMMARY 


1. The intracellular distribution of DPNase in rat liver has been in- 
vestigated. The enzyme was diffusely distributed in nuclei, microsomes, 
and supernatant. The enzyme appears to be absent from the mito- 
chondria, since activity of that fraction was almost negligible. 

2. The Michaelis constant of DPN nucleosidase determined by Line- 
weaver-Burk plots was calculated to be 1.08 X 10-4 Mo. 

3. Implications of the distribution of DPN nucleosidase as observed 
in these experiments have been discussed. 
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One of the major factors concerned in the synthesis of fatty acids by 
animal cells is the nutritional state of the animal. The first definitive 
information on this subject was provided by Boxer and Stetten (1) who 
found that undernourished rats displayed a very low rate of incorpo- 
ration of deuterium into the body fatty acids. They also established 
that the impairment in fatty acid synthesis displayed by thiamine-de- 
ficient rats was due to diminished food intake rather than to a specific 
lack of the vitamin. Shapiro and Wertheimer (2) confirmed this find- 
ing, having observed that incorporation of deuterium in fatty acids of 
adipose tissue of rats was accelerated greatly by refeeding with high 
carbohydrate diets after periods of restriction or withholding of food. 
More recently, Masoro et al. (3) found that incorporation of C'*-labeled 
glucose carbon into the fatty acids of rat liver slices in vitro was impaired 
when the animals were on diets lacking in carbohydrate but otherwise 
adequate, and they observed the highest rates of incorporation when 
diets high in carbohydrate were administered prior to sacrifice of the 
animals. 

After the demonstration by Rittenberg and Bloch (4) that acetate is 
an immediate precursor of the fatty acid carbon chain, a number of sub- 
sequent studies have established the utilization of acetate for fatty acid 
synthesis by rat liver slices in vitro. However, as yet no studies have 
been reported concerning the effect of dietary conditions on this process. 
It is still uncertain, therefore, whether the impairment of fatty acid 
synthesis in fasting or in carbohydrate lack is due to non-formation of the 
acetyl precursor or to inability of the cell to convert acetate to fatty 
acid. This problem is of especial interest at present in view of the re- 
markable effects of hormones on fatty acid synthesis reported recently 
(5-7). 

In the present study, fatty acid synthesis from C'-(methyl)-labeled 
acetate was compared in liver slices from rats in a variety of nutritional 


* Aided by grants from the National Cancer Institute, United States Public 
Health Service, the United States Atomic Energy Commission (contract No. 
AT (30-1)777), and by an institutional grant from the American Cancer Society. 
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states and in thiamine deficiency. In addition, some measurements were 
made on fatty acid synthesis by slices of extrahepatic tissues in vitro, 
and data were also obtained on the interesting problem of the relation- 
ship between the oxidation of acetate to CO, and its incorporation into 
fatty acids. 


EXPERIMENTAL 


Diets—The normal rats used in this study were provided with a regular 
laboratory diet of Allied Mills rat checkers containing 20 per cent pro- 
tein and 6 per cent fat, supplemented with fresh carrots once a week. 
Thiamine deficiency was induced by allowing weanling rats free access 
to a vitamin-free test diet (General Biochemicals, Inc.), supplemented 
with 0.2 per cent choline. Water-soluble vitamins, except thiamine, were 
fed by pipette daily, and cod liver oil of high potency was administered 
once a week. These rats were used after approximately 4 weeks on this 
diet, at which time the animals were at their original weight or below 
and exhibited the typical symptoms of vitamin B, deficiency. Pair-fed 
control animals received the same diet, plus thiamine, in an amount equal 
to that consumed by the deficient mate the previous day. 

Incubation Procedure—The rats were killed by decapitation and the 
organs were quickly removed and sliced with the Stadie-Riggs slicer 
(8). Approximately 5 gm., fresh weight, of slices were shaken at 38° 
in large Warburg flasks in 40 ml. of a phosphate-buffered Ringer’s solu- 
tion with oxygen in the gas phase. Collection and assay of respiratory 
COs were carried out as described previously (9). At the close of the 
incubation period the tissues were transferred to a 50 ml. centrifuge tube 
equipped with a 24/40 joint to which a condenser could be attached for 
refluxing. The tissues were refluxed successively for two 3 hour periods 
and one 12 hour period with separate portions of alcohol, followed by a 
single 3 hour extraction with ethyl ether; each extract was removed by 
suction after centrifugation. The combined extracts were evaporated 
to dryness and saponified by refluxing for 4 hours with 2 m alcoholic 
KOH. After removal of the unsaponifiable matter by extraction of the 
alkaline hydrolysate with petroleum ether, the alcohol was evaporated, 
the solution was acidified, and the fatty acids were recovered by extrac- 
tion with petroleum ether. After washing thoroughly, the petroleum 
ether extract was evaporated to dryness. 

Computations—All of the fatty acids were counted as such in a standard 
dish of 7.5 sq. cm. area under a mica window counter, and the values 
were corrected when necessary to a layer of “infinite” thickness. In 
order to make these values comparable with the activities of the respir- 
atory COs, counted as BaCO;, and with the acetate, also counted as 
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BaCO; after oxidation with persulfate, the fatty acid activities were 
converted to values their carbon would have as BaCO;. This was done 
by multiplying the observed activities of the fatty acids by the value 
0.079, a factor obtained experimentally by comparing the activities of 
several samples of labeled fatty acids before and after oxidation to BaCOQ3. 
It will be noted that this factor, as expected, is approximately equal to 
the ratio of the carbon contents of BaCO; and stearic acid (6.08:76.2). 
The relative specific activity (R. S. A.) was calculated from the formula 


R.S. A. = e.p.m. of substance X 100/e.p.m. of acetate 


Thus, on the reasonable assumption that both acetate carbons are metab- 
olized equally, the relative specific activity represents the percentage of 
acetate carbon in the substance. The conversion capacity (C. C.) is 
given in microatoms of acetate carbon converted to fatty acid carbon or 
to respiratory CO, carbon per gm., dry weight, of tissue per hour. It 
is calculated by the formula 


CC= total carbon in microatoms _. R.S. A. 
‘"" weight of dry tissue X hrs. 100 





Fatty acid carbon in microatoms was estimated on an average carbon 
content in the fatty acids of 76 per cent. The dry weight of the tissues 
was assumed to be 20 per cent of the wet weight, an approximate average 
value for miscellaneous tissues. 


Results 


Constancy of Acetate Oxidation and Fatty Acid Synthesis by Normal 
Rat Liver Slices—Typical results of experiments in vitro with labeled 
acetate in liver slices of normal, fed rats are given in Table I. It has 
been general practice in experiments on fatty acid synthesis in vitro to 
carry them out for 3 to 4 hours; however, no data are available to in- 
dicate whether this process occurs at a uniform rate over this interval. 
To test this point four vessels, each containing 5 gm. of liver slices taken 
from a common pool of slices from five normal, fed rats, were incubated 
for periods of 1, 2, 3, and 4 hours. Data on respiratory CO, and fatty 
acids indicate that both oxidation of acetate methyl carbon and its in- 
corporation into the tissue fatty acids proceed at linear rates. The con- 
stancy of the relative specific activity of the respiratory CO2, ranging 
from 16 to 21 per cent, shows that for at least 4 hours essentially the 
same proportion of acetate to endogenous carbon is undergoing oxida- 
tion. The fourth column of Table I demonstrates that incorporation of 
acetate carbon into fatty acids likewise proceeds linearly throughout the 
course of the incubation. 
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The rate of incorporation of acetate carbon into fatty acids was about 
5 microatoms per gm., dry weight, of liver per hour. The value is of the 
same magnitude but somewhat lower than values of 6 to 13 microatoms 
calculated from data reported by Brady and Gurin (10)! but is about the 
same as that reported by Pihl and Bloch (11) and by Baker, Chaikoff, 
and Shusdek (12) for normal, fed rats in experiments comparable to ours. 
Considerably lower values have been reported by Chernick and Chaikoff 
(13), the incorporation being of the order of approximately 1 uM per gm., 
dry weight, per hour, but these were carried out with concentrations of 
acetate of only 0.00023 m and are therefore not strictly comparable with 
the above experiments. 


TABLE | 
Incorporation of Labeled Acetate into Fatty Acids and Respiratory CO: by Liver Slices 
of Rats during Consecutive Hourly Periods 

Each Warburg vessel contained 5.0 gm., fresh weight, of tissue and 40 um of 
CH;COOH in 40 ml. of phosphate-buffered Ringer’s solution. The flasks were 
incubated at 38° with oxygen as gas phase. The values for conversion capacity 
(C. C.) are calculated for micromoles per gm. of dry weight per hour. The relative 
specific activity (R. S. A.) = percentage of acetate carbon in substance. 














Ps col Fatty acids Respiratory COz 
hrs. mg. RB S."A. | C.-C. uM | e's | c.'C. 
1 137 | 0.054 | 4.7 210 | 16. ‘ | 33.9 
2 126 | wO eet 4.45 405 | 21.2 | 42.8 
3 127 0.208 5.47 597 | 18.3 | 36.3 
4 128 | 0.253 | 5.08 780 | 17.8 | 35.0 





In the experiments of Table I about 7 to 8 times as much acetate carbon 
were oxidized as were converted to fatty acid. This ratio varied con- 
siderably in different experiments and generally was less than that in the 
experiment of Table I, being of the order of 2 to 3. Changes in the ratio 
were due to variations in lipogenesis values, since acetate oxidation, as 
pointed out later, remains relatively constant under conditions which 
result in marked changes in lipogenesis. 

Effect of Fasting and Refeeding on Acetate Metabolism in Liver Slices— 


1 Brady and Gurin (10) express fatty acid synthesis quantitatively in terms of 
the micromoles of acetate (or other substrate) incorporated per 100 mg. of fatty acid. 
We prefer to express this quantity in terms of total liver weight for two reasons. 
First, the total dry weight gives a better indication of the tissue actively engaged 
in fatty acid synthesis; second, the total dry weight of liver is less susceptible to 
wide fluctuations in amount than is the fatty acid content. (The calculation of 
the conversion capacity is of course based on the assumption that both acetate 
carbons are metabolized at the same rates.) 
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Inasmuch as previous investigators observed the highest rates of fatty 
acid synthesis when animals were refed after a fasting period (2), the 
effects of fasting, and of fasting followed by refeeding, on utilization of 
acetate carbon for fatty acid synthesis were tested. As shown in Table 
II, fasting causes a marked drop in acetate utilization. However, re- 
feeding brings about not only a restoration of fatty acid synthesis but a 
marked increase in rate over the normal level. In the last two experi- 
ments of Table II the effects of chronic undernutrition were tested. The 
animals used in these experiments were pair-fed controls for thiamine- 


TaBLeE II 
Effect of Fasting or Undernutrition on Incorporation of Labeled Acetate into Fatty 
Acids and Respiratory CO: of Liver Slices of Rats 
Flasks incubated for 4 hours at 38° with O2 as gas phase and under the same con- 
ditions as for the experiments of Table I. 














Condition of rat Fatty acids Respiratory CO2 
~ mg. R. S.A. C.C. uM RS. 4: Cc. C. 
INGTIN AD ALOU oreie, cigs. oho ares oon 190 0.316 9.5 908 9.7 22 
- ARs REN ta ee eee Ae 115 0.257 4.7 973 11.5 28 
PABLO “A OBO aioe 3: ceiscea siete 132 0.057 1.2 731 15.1 28 
. 7s ES | MO Cte 146 0.002 0.04 745 9.0 17 
je) Se tear 106 0.043 0.73 770 7.5 15 
STEN BG. SM alan creer fe aera 93 0.043 0.67 730 10.7 20 
Set ie te EE cin 2: Se 132 0.005 0.10 + 910 8.5 19 
ae S|. Caray eee e come eae 126 0.001 0.03 890 9.4 21 
Fasted 3 days, refed 1 day....| 133 0.825 | 17.4 908 11.6 26 
ee ce Oe Mi ear ce ae 65: 0.396 8.5 835 11.0 22.5 
Restricted feeding 32 days....| 131 0.178 3.7 790 13.7 27 
“ “ 31 “ a 
ROIOUE GRY Go aiscc new sates cess 300 0.540 | 25.6 860 10.3 22 

















deficient animals; their food intake was decreased regularly at successive 
4 day intervals from 3.2 gm. daily, initially, to 1.2 gm. after 20 days. 
During this period their weights, initially about 55 gm., increased to 65 
gm. and then dropped to about 40 gm. Owing to their small size, five 
to six animals were used to obtain sufficient tissue for the experiments. 
The results demonstrate that impairment in fatty acid synthesis from 
acetate occurs also with restriction of food, which, as in acute fasting, 
is promptly overcome on adequate feeding. These results are in accord 
with the recent findings of Hutchens et al. (14) who have reported that 
in the intact rat fasting results in a 60 per cent decrease in incorporation 
of acetate carbon into body fatty acids. ; 

It is rather striking that these wide variations in acetate utilization for 
fatty acid synthesis are not accompanied by any significant changes in 
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the rates at which acetate carbon is oxidized (ef. (3)). In five experi- 
ments of Table II a 20-fold range in acetate utilization for fatty acid 
synthesis was accompanied by only a 1.3-fold range in acetate oxidation, 
It is thus evident that the impairment of fatty acid synthesis brought 
about by fasting is manifested somewhere in the process of the conversion 
of acetate to fatty acid and that the step affected is not concerned directly 
with the oxidative reactions of acetate. 

Fatty Acid Synthesis in Thiamine Deficiency—Although the results of 
Boxer and Stetten (1) left no doubt that food restriction alone can lead 
to the same impairment of fatty acid synthesis in the intact rat as does 
thiamine deficiency, a specific effect: of thiamine on fatty acid synthesis 


Taste III 
Acetate Metabolism in Liver Slices of Thiamine-Deficient Rats 
Same conditions as for the experiments in Table II. 








Experi- 
og Treatment of rats prior to sacrifice Fatty acids Respiratory CO2 
eee (RES, 01 CLC. | al RIS a | CO 
1 None 174 | 0.013 | 0.33 | 5938 | 10.3 | 15.3 
ee 168 | 0.042 | 1.12 | 593] 10.8 | 15.0 
“f 102 | 0.049 | 0.80 
Pair-fed controls 120 | 0.039 | 0.75 
2 None 121 | 0.045 | 0.90 | 598 11.8 7 
Given 20 mg. vitamin B, plusun- | 171 | 0.616 | 18.10 | 882 8.3 
restricted food for 24 hrs. 
3 None 101 | 0.039 | 0.63 | 684 9.4 | 16. 
Given vitamin B, but food re- | 112 | 0.030 | 0.58 | 735 9.3 | 17.0 
tricted to intake of deficient 
rats for 24 hrs. 


























could not be ruled out on the basis of these studies. It could be argued 
that, since thiamine is involved in the production of 2-carbon units from 
pyruvate (15), lack of acetyl groups, either through lack of thiamine or 
lack of carbohydrate, could result in impairment of fatty acid synthesis. 
When the present study disclosed that the defect in lipogenesis in ‘fast- 
ing” liver lies somewhere on the route of acetate to fatty acid, it was felt 
desirable to reinvestigate the effect of thiamine deficiency on the incorpo- 
ration of acetate carbon into fatty acids. Experiment 1 of Table III 
demonstrates that impairment of lipogenesis by thiamine deficiency, like 
that of chronic undernutrition, is manifested by inability to utilize acetyl 
groups for this process. Experiment 2 shows that administration of 
thiamine, plus an unrestricted intake of food, results in a prompt resump- 
tion of lipogenesis to at least the normal level. In Experiment 3, after 
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administration of thiamine, food intake during the ensuing 24 hours was 
held at the thiamine-deficient level. Under these conditions fatty acid 
synthesis remained impaired, indicating that thiamine itself, without sup- 
plementary food, cannot restore the capacity for conversion of acetate 
carbon to fatty acids in thiamine-deficient rats.” 

Effect of Insulin on Fatty Acid Synthesis—Effects of insulin addition 
in vitro in enhancing fatty acid synthesis from acetate have been described 
both by Bloch and Kramer (16) and by Brady and Gurin (10). In order 
to test whether the impairment of acetate utilization in the fasted rat 
might be the result of an insulin lack in the “fasted” liver, the effects of 
insulin on the incorporation of acetate carbon in fatty acids were com- 
pared in liver slices from fed and fasted rats. As shown in Table IV, a 
pronounced increase in acetate utilization by ‘fed’ liver, in harmony 


TaBLe IV 
Effect of Insulin on Fatty Acid Synthesis in Liver Slices of Fasted and Nourished Rats 
Same conditions as for the experiments in Table II. 

















Conditions Fatty acids Respiratory COz 
mg. | R.S.A. C.C. pM | & SA Ce 
Fed, plus insulin.............. 130 | 0.499 | 10.3 | 817 | 14.3 | 29.2 
in| oe 130 | 0.322 6.7 771 | 10.5 20.2 
Fasted, plus insulin. .......... 113 | 0.050 | 0.9 | 662 | 15.2 | 25.2 
a. rs 111 | 0.030 0.5 | 592 | 14.5 | 21.4 





with the findings of Brady and Gurin (10), was brought about by the 
atidition of insulin in vitro. On the other hand, no effect of insulin was 
observed in the liver slices of fasted rats. In its resistance to insulin 
the “fasted” liver apparently resembles the liver from alloxan-diabetic 
rats which likewise has a greatly diminished ability to utilize acetate for 
fatty acid synthesis in the presence or absence of insulin (17). Although 


2A series of subsequent experiments was undertaken to test whether, in thi- 
amine-deficient rats, repletion with food alone could restore fatty acid synthesis 
without administration of thiamine. Owing to technical difficulties, no satisfactory 
results were obtained. Deficient rats given thiamine promptly consumed such 
large amounts of food that it was impossible to come close to duplicating such con- 
ditions by forced feeding. In several experiments, in which an emulsion of a 
mixed diet was administered by gastric intubation in an amount approximately 
double that eaten voluntarily by thiamine-deficient rats, no increased lipogenesis 
was observed unless thiamine was also given, in which cases there were definite 
increases in lipogenesis, but of much lower magnitude than were observed» when 
food was allowed ad libitum after thiamine administration. Feeding of large 
amounts of glucose or sucrose by gastric intubation to thiamine-deficient rats 
invariably proved fatal. 
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insulin seemed to increase the oxidation of acetate by both “fed” and 
“fasted” slices, the effect was not marked and would require more data 
for a decisive answer as to its significance. 

Extrahepatic Fatty Acid Synthesis—Table V contains data on the utili- 
zation of acetate for fatty acid synthesis in extrahepatic tissue slices of a 
normal, fed rat. Of the organs studied, liver had by far the greatest 
activity, being 5 times higher than kidney, the most active of the ex- 
trahepatic tissues. The lack of correlation between acetate lipogenesis 
and oxidation is strikingly confirmed in Table V, in which the ratio of 
the two processes ranged from about 4 in liver to over 100 in kidney and 
testis slices. It appears from these data that fatty acid synthesis occurs 
generally in extrahepatic tissues, and that acetate can be utilized for this 
process. Although the rates, as judged by these experiments in vitro, 


TABLE V 


Incorporation of Labeled Acetate into Fatty Acids and Respiratory COs of Tissue 
Slices of Rats 


Same conditions as for the experiments in Table II. 











Tissue Fatty acids Respiratory COz 
mg. RS, C..C. BM Pde ee Cc. C. 
PNG ect N tks cross eicean cht hic 122 0.488 9.4 825 16.3 34 
MPG 8 IN ic Mc a ON 118 0.089 1.7 1710 41.4 177 
LiL sO 2s ea 83 0.117 1.4 670 40.3 68 
2 DV Seiad ela eae RR oe 79 0.036 0.5 761 10.0 19 
REMI ep SE gears diaries 67 0.0054 0.06 388 6.3 6 




















are very low compared with liver, it seems probable, in view of the rela- 
tive proportion of each type of tissue, that extrahepatic lipogenesis in 
the rat may account for a substantial portion of the total. 


DISCUSSION 


Brady and Gurin (17) and Chernick and Chaikoff (13) have observed 
extreme impairment of lipogenesis from acetate in liver slices from al- 
loxanized rats and depancreatized cats. Since the “diabetic” livers can 
oxidize fatty acids and acetate and can convert them to ketone bodies 
and cholesterol, and since all of these reactions require the intermediary 
formation of active acetate, Brady and Gurin (17) point out that the 
depression of lipogenesis cannot be attributed to an inability to form or 
utilize active 2-carbon fragments. It is indeed striking to note the simi- 
larity in behavior of acetate in the “fasted” liver. Here, too, there is a 
failure in lipogenesis from acetate which is unaccompanied by any sig- 
nificant diminution in acetate oxidation. It is interesting that the “fasted” 
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liver resembles the ‘‘diabetic” also in its unresponsiveness to insulin ad- 
dition in vitro. These similarities suggest that the same defect is prob- 
ably responsible in both conditions. Brady and Gurin have suggested 
a number of possible explanations for the failure of lipogenesis from ace- 
tate in the “diabetic” liver, and these may also be invoked to account 
for the same defect of “fasted” liver.* Another possibility, however, is 
that it is not fatty acid synthesis per se which is affected, but its in- 
corporation into tissue lipides. This hypothesis is now under investiga- 
tion. At any rate it seems quite definite that condensations of acetate 
in general are not affected, since, according to Brady and Gurin, chol- 
esterol synthesis from acetate is not impaired in the “diabetic” liver, and 
ample data are available to indicate that acetoacetate synthesis from 
acetate is, in fact, enhanced in the “fasted” liver. Indeed, one of the 
striking differences between the ‘‘fed” and “fasted” livers, observed in an 
earlier publication (9), is the high rate of ketogenesis in the latter, which 
was of the order of 3 to 4 times that in the former. These findings are 
in complete accord with the suggestion of Brady and Gurin (17) that 
ketogenesis may represent an alternative pathway of acetate metabolism 
when lipogenesis is blocked. Indeed, this concept appears to afford a 
more rational explanation for ketosis of fasting or diabetes than any as 
yet advanced. 

Estimation of Total Fatty Acid Synthesis—It is important to emphasize 
that the values obtained in these and similar previous studies with labeled 
acetate give no direct indication of the total fatty acid synthesis, but 
provide only a measure of the utilization of the labeled acetate for this 
purpose. To estimate total fatty acid synthesis it is necessary to know 
the specific activity of the intracellular acetate available for synthesis. 
Fortunately, an approximation of this value can be obtained from the 
specific activity of the acetoacetate which is formed in liver slices in vitro. 
Although the relationships between acetoacetate and fatty acid synthesis 
are still uncertain, it seems reasonable to assume, as a rough approximation 
at least, that both substances are drawn from the same pool of acetate; 
hence the specific activity of the acetoacetate can be considered at least 
roughly equal to the activity of the acetate available for fatty acid syn- 


’ Since livers of both fasted and diabetic rats are characterized by low glycogen 
levels, the possibility is being considered that for some reason an adequate content 
of glycogen is required for hepatic lipogenesis. Some support for this hypothesis 
has been obtained in unpublished studies of Spirtes, Medes, and Weinhouse on 
lipogenesis in hyperthyroidism. In rats rendered hyperthyroid by oral admin- 
istration of dried thyroid, whose liver glycogen was very low, hepatic fatty acid 
synthesis from acetate was at the “fasting’’ level. However, when such hyper- 
thyroid rats are fasted and refed, under which condition hepatic glycogen is high, 
lipogenesis from acetate was at least as high as in similarly treated normal rats. 
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thesis. In previous experiments, carried out essentially in the same way 
as the present ones (9), the acetoacetate formed by both “fed” and “fasted” 
livers was found to have a specific activity one-third to one-fourth that of 
the acetate. We can estimate, therefore, that in the present experiments 
the total fatty acid synthesis was of the order of 3 to 4 times that from 
the labeled acetate. The maximum utilization of acetate observed in 
these experiments was about 10 microatoms of carbon (5 uM of acetate) 
per gm. of tissue per hour, which, on the basis of 76 per cent carbon in 
fatty acids, corresponds to about 10 X 12 X 3/0.76 = 470 y of total 
fatty acid. Since in our animals the content of fatty acids is about 15 
per cent of the dry weight of liver, the percentage replacement per hour 
would be 0.480 X 100/150 = 0.3 per cent. Applying the formula, 4 
= 0.69/k, where k = the fraction replaced per hour = 0.003, we obtain 
a value for the half time of liver fatty acids of 230 hours or 9.5 days. 
This value is approximately 5 times the values observed by Stetten and 
Boxer (18) for the liver fatty acids of the intact rat, based on deuterium 
uptake studies, and by Pihl, Bloch, and Anker (19), based on C"-ace- 
tate incorporation in the intact rat. Apparently either fatty acid syn- 
thesis in the liver slices does not attain the full magnitude it has in the 
intact liver, or the acetate pool available for fatty acid synthesis is not 
the same one that provides acetate for acetoacetate synthesis. From 
these considerations and from the fact that fatty acid synthesis from 
exogenous acetate represents only a minor portion of the total lipogene- 
sis, caution seems advisable in drawing conclusions concerning lipogenic 
factors in the intact rat from data obtained with tissue slices. 


SUMMARY 


The following points have been established in the present investigation: 
(1) lipogenesis from acetate in liver slices is greatly impaired by fasting 
or undernutrition, (2) the highest rates of lipogenesis from acetate are 
observed when periods of fasting or food restriction are followed by short 
periods of refeeding, (3) lipogenesis from acetate occurs in extrahepatic 
tissues, although at rates considerably below those in liver, and (4) neither 
in liver nor in extrahepatic tissues is there any correlation between the 
utilization of acetate for fatty acid synthesis and the rate of its oxidation 
to CO,. Lipogenesis in the “fasting” liver is unresponsive to addition 
of insulin in vitro. 
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EFFECT OF LOWERED ESSENTIAL METABOLITES ON 
8-AZAGUANINE INHIBITION* 


By G. W. KIDDER, VIRGINIA C. DEWEY, anp R. E. PARKS, Jr.t 
(From the Biological Laboratory, Amherst College, Amherst, Massachusetts) 


(Received for publication, January 10, 1952) 


It has been shown (1) that the guanine analogue 8-azaguanine (guana- 
zolo) produces marked and reversible growth inhibition in the guanine- 
requiring animal microorganism, Tetrahymena. The inhibition ratio is 
unusual, inasmuch as approximately 50 molecules of the metabolite are 
required to overcome the effect of 1 molecule of the inhibitor. To ac- 
count for this extreme inhibition, and for the time lag of release of in- 
hibition which was observed (1), it was postulated that 8-azaguanine is 
incorporated into the nucleic acid of the growing cells, producing an ab- 
normal compound. After the observations that 8-azaguanine is carcino- 
static for certain types of neoplasms (2-6), Mitchell e¢ al. (7) obtained 
some evidence from tracer studies for the incorporation of this analogue 
into the nucleic acids of both tumor tissue and non-tumor tissue of tumor- 
bearing mice. 

In studying the effects of inhibitors of other systems on the action of 
8-azaguanine in J'etrahymena, we have found that the inhibitory power 
of the latter compound is greatly reduced when any one of a number of 
essential metabolites is limited, either by dietary restriction or by the 
use of specific antimetabolites. The reduction of the inhibitory action 
of 8-azaguanine appears to be correlated with reduced incorporation of 
this analogue. 


Material and Methods 


The organism used in these experiments was Tetrahymena geleii W, 
which was grown according to methods previously described (8, 9). 
Medium A was used (9), in which Tween 80 (10 mg. per ml.) was employed 
instead of Tween 85. Specific components were omitted according to 
the type of experiment performed. 

The essential metabolites investigated for their relation to 8-azaguanine 
inhibition were uracil, thiamine, phenylalanine, methionine, and histidine, 
together with certain of their analogues (isobarbituric acid, neopyrithia- 

* Aided by a grant from the Research Corporation and a grant recommended by 
the Committee on Growth acting for the American Cancer Society. An abstract 


of a portion of this work has appeared (Federation Proc., 10, 207 (1951)). 
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mine, 6-2-thienylalanine, and ethionine). No histidine analogue was used, 
In all cases ten or more different dose levels were investigated and al] 
experiments were repeated a number of times. 


Results 


In a balanced basal medium, such as the one used in these experiments, 
half maximum inhibition results from the inclusion of approximately 04 


TaBLeE I 
Effect of Suboptimum Uracil on 8-Azaguanine Inhibition 








Uracil Gonnine .- Ppememesion soporte) acces exerts (poe 
y per ml. 7 per ml, y per ml. 
4 15 3.0 0.626 
4 30 9.3 0.688 
2 15 27 0.422 
2 30 65 0.432 














TasB_e II 
Effect of Isobarbituric Acid on 8-Azaguanine Inhibition 
8 y per ml. of uracil. 











Isobarbituric acid Guanine a : oo oe eal padi 
7 per ml. y per ml. y per ml. 
0 15 0.72 0.796 
0 20 0.95 0.810 
0 25 1.10 0.783 
0 30 1.29 0.783 
100 15 11 0.507 
100 30 26 0.494 











y per ml. of 8-azaguanine. Inasmuch as the medium contains the equiva- 
lent of 20 y per ml. of guanine, this results in an inhibition index of 0.02. 

When uracil and cytidylic acid of the basal medium (the equivalent 
of 18.6 y per ml. of uracil activity) are replaced by 8 y per ml. of 
uracil only, cell growth is not reduced, while the amount of 8-azaguanine 
required for half maximum inhibition is doubled, as compared to the 
amount required in the basal medium. Further restriction of the uracil 
to 4 y per ml. reduced growth only slightly (from an optical density of 
about 0.800 to about 0.700) and the amount of 8-azaguanine required is 
increased about 100-fold. A further increase, to approximately 1000- 
fold, of 8-azaguanine is needed when the uracil level is reduced to 2 
per ml. (Table I). Similar results are obtained when the effective uracil 
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used, Taste III 
d all Effect of 8-Azaguanine on Isobarbituric Acid Inhibition 
12 y per ml. of guanine. 
Isobarbituric acid re- Maximum growth (no 
8-Azaguanine Uracil quired for 4 maximum isobarbituric acid), 
inhibition optical density 
ents, 
y 0.4 y per ml. y per ml. y per ml. 
0 2 24 0.365 
0 4 36 0.456 
0 6 72 0.473 
—— 0 8 >100 0.638 
10 azae 0.16 2 21 0.339 
—_— 0.16 4 36 0.332 
0.16 6 67 0.340 
0.16 8 >100 0.354 
F TaBLe IV 
Effect of Suboptimum Histidine on 8-Azaguanine Inhibition 
“a 8-Azaguanine re- Maximum growth (no 
t-Histidine Guanine quired for 4 maximum azaguanine), optical 
inhibition density 
a y per ml. y per ml. y per ml. 
ri 10 12 1.50 0.461 
O aza- 20 12 0.50 0.733 
ensity 
7 50 12 0.30 0.779 
100 12 0.25 0.766 
10 24 >9.0 0.460 
20 24 >5.0* 0.770 
50 24 0.78 0.870 
100 24 0.57 0.854 
*5 y per ml. highest concentration tested in presence of 20 y of histidine per 
- ml. 
tiva- TABLE V 
).02. , Effect of Ethionine on Neopyrithiamine Inhibition 
lent _ Dy per ml. of pi-methionine. 
l. of Heals 
a et N ithiami ired (Maximum growth (no neo- 
nine pL-Ethionine Thiamine , St eee me optical 
the 
racil y per ml. y per ml. y per ml. 
a 0 0.005 0.97 0.725 
y 6 0 0.01 2.0 0.797 
d is 0 0.02 4.3 0.757 
000- 40 0.005 0.65 0.566 
27 40 0.01 1.0 0.520 
racil 40 0.02 2.5 0.577 
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is reduced by the addition of a specific inhibitor (10), isobarbituric acid 
(Table IT). 

The inclusion of 8-azaguanine in the medium does not affect the inhibition 
index of isobarbituric acid (Table III). The amounts of the uracil ana- 
logue required for half maximum inhibition are independent of the pres- 
ence of the guanine analogue. 

Lowering the effective concentrations of methionine, phenylalanine, 
or thiamine, either by dietary restriction or by use of ethionine, -2. 
thienylalanine, or neopyrithiamine (11), respectively, resulted in decreas. 
ing the inhibitory action of 8-azaguanine in a manner similar in every 
respect to that observed with suboptimum uracil. Suboptimum levels 
of histidine produced the same effect (Table IV). 

Experiments were carried out to determine whether or not decreased 








TaBie VI 
Effect of Suboptimum Thiamine on Ethionine Inhibition 
Thiamine ee anes + | Satine pare oe ace 
y per ml. y per ml. 
0.0002 48 0.146 
0.0004 47 * 0.203 
0.0006 46 0.300 
0.001 46 0.401 
0.002 43 0.553 
0.005 43 0.620 











inhibition would result with combinations of inhibitors not including 
8-azaguanine. Neopyrithiamine actually becomes somewhat more inhib- 
itory in the presence of ethionine (Table V), while its inhibition is not 
changed by using different levels of dietary methionine. Likewise, the 
inhibitory action of ethionine remains unchanged at various levels of 
thiamine (Table VI). These experiments show that the reduction of 
the inhibitory action of 8-azaguanine when the medium contains limiting 
amounts of any of a number of essential metabolites is peculiar to this 
inhibitor. 


DISCUSSION 


The best explanation for the lowering of activity of 8-azaguanine, under 
the conditions described above, appears to be that incorporation of this 
analogue is reduced when an essential metabolite is present in limiting 
amounts. It will be shown in the following paper (12) that when an 
abundance of uracil is present considerably more nucleic acid is synthe- 
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acid | sized by the cells than when this essential metabolite is added in barely 
optimum or slightly suboptimum amounts. The inclusion of 8-azaguanine 
ition | goes not appear to interfere with the synthesis of nucleic acid, although 
ana- — the number of cells produced is lowered. It appears that the effective- 
pres- — ness of this inhibitor increases with the amount of nucleic acids synthe- 
sized (12). This may be the explanation for the carcinostatic action of 
nine, § this inhibitor, although more information will have to be gained regard- 

8-2- | ing the nucleic acid synthesis of certain types of tumor cells as compared 
reas- — to other non-susceptible types and to normal tissue before this can be 
‘very — more than a hypothesis. In the intestinal epithelium the level of nucleic 
evels § acid synthesis, as judged by cell division, cannot be the only explanation, 
however, since this tissue incorporates 8-azaguanine (7) and cell division 
-ased is not reduced (13). 

Recently Levine and Tarver (14) have presented evidence for the in- 
corporation of ethionine into the protein of rats. Administration of 
ethionine labeled with C4 ‘in the ethyl group led to activity in the tissue 
caledl proteins, which could be accounted for as ethionine. In the experiments 
reported above, however, ethionine did not behave differently from other 
of the competitive inhibitors used. 


SUMMARY 


The inhibition of the growth of Tetrahymena produced by 8-azaguanine 
is decreased when the concentration of any of a number of essential me- 
tabolites is lowered, either by dietary restriction or by the use of struc- 
tural analogues. The fact that combinations of analogues other than 
ding 8-azaguanine produced no such effect suggests that suboptimum con- 


rhib- centrations of certain metabolites lower the incorporation of 8-azaguanine 
not into nucleic acid, thereby lowering its inhibitory activity. 
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BY of THE INCORPORATION OF 8-AZAGUANINE INTO THE NUCLEIC 
ACID OF TETRAHYMENA GELEII* 


By M. R. HEINRICH, VIRGINIA C. DEWEY, R. E. PARKS, Jr.,t 
AND G. W. KIDDER 


(From the Biological Laboratory, Amherst College, Amherst, Massachusetts) 


Biol, 


(Received for publication, January 10, 1952) 


The guanine analogue, 8-azaguanine (guanazolo), is a powerful in- 
hibitor of Tetrahymena geleit. Its action is completely reversed by guanine 
after an appreciable time lag, and inhibition is decreased when other 
essential metabolites are available in suboptimum amounts (1). One 
explanation advanced for the unusual nature of inhibition by 8-aza- 
guanine is the incorporation of the compound into nucleic acid, forming 
an abnormal, inhibitory product (2). The first direct evidence for this 
incorporation was presented by Mitchell et al. (3), who found labeled 
azaguanine in the nucleic acid of tumor and viscera of tumor-bearing 
mice treated with the compound. In the present studies it has been 
possible to isolate azaguanine from the ribonucleic acid (RNA) of in- 
hibited cultures of Tetrahymena, and to demonstrate its absence from 
organisms obtained from cultures in which limitation of uracil markedly 
reduced the inhibition produced by azaguanine. 


EXPERIMENTAL 


In a preliminary experiment, with half maximally inhibited 7. geleii, 
azaguanine was isolated from the total nucleic acid fraction, as obtained 
by a hot trichloroacetic acid extraction. In order to identify azaguanine 
as a component of the nucleic acid, a second experiment was carried out 
in which the intact nucleic acids were isolated. The nucleic acids were 
extracted from large cultures of the organism, and azaguanine isolated 
by means of ion exchange and paper chromatography. It was identified 
by its properties in these separations, by spectrophotometry, and by 
inhibition of Tetrahymena. 

Ion Exchange Chromatography—Separations were carried out on columns 
of Dowex 50 cation exchange resin! (200 to 400 mesh) by a method similar 
to those of Cohn (4). The procedure will separate xanthine, hypoxanthine, 
azaguanine, guanine, and adenine from a mixture, as illustrated in Fig. 1. 


* Aided by a grant from the Research Corporation and a grant recommended 
by the Committee on Growth acting for the American Cancer Society. 

} Present address, Institute for Enzyme Research, University of Wisconsin. 

‘Generously supplied by The Dow Chemical Company. 
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The column was prepared each time by washing with 5 n HCl, followed 
by water or 0.5 N HCl. The purine solution in a few ml. of 0.5 n HO 
was placed on the column, and elution started with acid of the same con- 
centration at a flow rate of up to 0.5 ml. per minute. 30 minute samples 
were collected until the azaguanine region had been passed (8 to 12 hours, 
depending on the column length and rate of flow). The eluting solution 
was then changed to 1.5 n HCl, and 60 minute samples collected. 
Guanine and azaguanine have very similar ultraviolet absorption spectra 
in 0.1 N acid and alkali. They are readily distinguished in 0.5 n HCl, 
however, in which guanine possesses a maximum at 248 my and azaguanine 
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ML. ELUTING SOLUTION 
Fig. 1. Ion exchange separation of a mixture of 1 mg. each of guanine, adenine, 
xanthine, and hypoxanthine, and 0.2 mg. of 8-azaguanine. Column, Dowex 50, 
200 to 400 mesh, 7.7 X 0.9 em. Compounds adsorbed from 10 ml. of 0.5 n HCl solu- 
tion and washed with 5 ml. of water. Eluting solutions, 0.5 n HCl, changed at 
440 ml. to 1.5 n HCl and at 1600 ml. to5 n HCl. Flow rate, 0.6 ml. per minute. 


at 262 my. Recoveries of purines in the ion exchange separation of 
known mixtures (Fig. 1) were 97 to 100 per cent. The following molar 
extinction coefficients were used: guanine (0.5 n HCl, 248 mz) 10,000, 
guanine (1.5 n HCl, 248 my) 9560, azaguanine (0.5 n HCl, 262 my) 7500, 
adenine (1.5 n HCl, 262 my) 11,300, xanthine (0.5 n HCl, 262 my) 8900, 
hypoxanthine (0.5 n HCl, 248 my) 11,400. 

Isolation from Organisms—Two large cultures of 7’. geleii W were grown 
in the usual manner (5) in slanted tubes containing 4 ml. of medium 
each. The medium was Base A, with Tween 80 instead of Tween 83, 
and with the following additions in place of the nucleic acid derivatives 
listed. All tubes contained guanosine 30 y per ml. and 8-azaguanine 
0.5 y per ml. In addition, Culture A contained cytidylic acid 25 y per 
ml. and uracil 10 y per ml.; Culture B contained no cytidylic acid and 
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yracil 4 y per ml. The total volumes used were 2640 ml. for Culture 
Aand 1320 ml. for Culture B. At the end of the 5 day growth period, 
representative tubes of Culture A (azaguanine-inhibited) had an optical 
density of 0.302, and those of Culture B (low uracil) 0.525, as compared 
to an optical density of approximately 0.800 in the complete medium. 

The contents of the tubes of each culture were combined in large cylin- 
ders and placed in the refrigerator for at least 1 hour to allow the organisms 
to settle. The nearly clear supernatant solution was siphoned, and the 
organisms resuspended in ice-cold phosphate buffer of the same concen- 
tration as that in the medium and allowed to settle in the cold. The 
organisms were resuspended in phosphate buffer in centrifuge tubes and 
centrifuged gently. At the next washing, the organisms were packed 
firmly, the supernatant solution drained off, and the tissue weighed wet 
(Culture A = 9.5 gm., Culture B = 17.1 gm.). 

The tissue was homogenized for 3 minutes in the Waring blendor in 
10 volumes of cold 5 per cént trichloroacetic acid (TCA) and centrifuged. 
The residue was extracted in the blendor twice for 1 minute periods with 
5 volumes of cold 5 per cent TCA. 

After filtration through Celite, the combined TCA extracts were hydro- 
lyzed with sulfuric acid and precipitated with copper (6). After removal 
of the copper with hydrogen sulfide, the HCl solution containing purines 
was evaporated to dryness (all evaporations were carried out in a vacuum 
desiccator over sodium hydroxide), taken up in 0.5 n HCl, and subjected 
to ion exchange chromatography as described above. No azaguanine 
was definitely identified in this acid-soluble fraction of either Culture 
A or B, although traces may have been present. — 

The tissue which had been extracted with cold TCA was next extracted 
to remove lipides by refluxing for 15 minutes with three portions of 3:1 
alcohol-ether and washing with ether. Dry weights were 330 mg. for 
Culture A, 520 mg. for Culture B. 

Combined nucleic acids were obtained from the dry tissues by repeated 
| hour extractions with 10 per cent NaCl solution (2 ml. per 100 mg.), 
with mechanical stirring in a boiling water bath. Nucleates were pre- 
cipitated from each extract by addition of 2 to 3 volumes of cold 95 per 
cent ethanol. The extraction was repeated six times; the last solution 
gave no precipitate with ethanol. The sodium nucleates were washed 
with ethanol and ether and allowed to dry. Both preparations were 
white and gave negative biuret tests. Yields were 52.8 mg. for Culture 
A and 30.1 mg. for Culture B. 

Ribonucleic acid and desoxyribonucleic acid (DNA) were separated 
essentially by the Schmidt-Thannhauser procedure (7), with 1 ml. of 
1 n KOH per 10 mg. of nucleate. After hydrolysis at room temperature 
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for 23 hours, DNA was precipitated with 65 per cent TCA (8), and the 
suspension filtered through Celite. The filtrate, containing ribonucleo- 
tides, was treated as described below. The DNA and Celite of each 
culture were hydrolyzed in 1 or 2 ml. of 1 Nn HCl at 100° and chromato- 
graphed on paper strips. No azaguanine could be detected. 

The supernatant solutions from the DNA precipitation, containing 
ribonucleotides, were made 1 N with HCl and hydrolyzed for 90 minutes 
at 100°. The solutions were made alkaline with ammonium hydroxide, 
and purines precipitated with ammoniacal silver nitrate. Purines were 
extracted from the washed precipitates with four 5 ml. portions of 0.5 
N HCl at 100°. The combined extracts were evaporated to dryness, 
water was added, and the evaporation repeated. When the residue had 
been taken up in a few ml. of 0.5 Nn HCl and centrifuged to remove a 
small precipitate, it was submitted to ion exchange separation. 

This separation on the RNA purines of Culture A gave three fractions 
in the “‘azaguanine region” which showed the ultraviolet absorption charac- 
teristics of azaguanine. None was found in Culture B. The approxi- 
mate molar ratios of the RNA purines in Culture A were calculated to 
be azaguanine 1, guanine 31, adenine 40. 

To characterize the azaguanine further, the combined three fractions 
from Culture A above and six fractions from Culture B, which could 
have contained unidentified purine, were evaporated to dryness. The 
residues were taken up in a few drops of water, and a portion applied as 
a band on strips of Whatman No. 1 paper 3 inches wide. These chro- 
matograms were run by the descending method in the isopropanol-2 n 
HCl solvent system of Wyatt (9). In this system, the Ry values for 
pure compounds were found to be guanine 0.26, adenine 0.37, azaguanine 
0.46, all subject to the slight variations in absolute value mentioned by 
Wyatt. When examined by the Mineralight lamp, Strip A showed a 
faint band at Ry 0.35 and a dense band at Ry 0.43; Strip B showed three 
faint bands at Rr 0.11, 0.26, and 0.44. These absorbing regions were 
cut from the strips; for blank solutions corresponding regions were cut 
from a blank strip run in the solvent at the same time. Each segment 
was eluted with 4 ml. of 0.1 Nn HCl overnight and read in the Beckman 
spectrophotometer. From Strip A only the area of Rr 0.43 showed 
significant absorption, with a maximum at 250 my, corresponding to 7.6 
y of azaguanine. Of the eluates from Strip B, only that of the spot at 
Ry 0.26 showed measurable absorption, with a maximum at 249 muy. 

Final proof of the presence of azaguanine in Culture A was provided 
by inhibition of Tetrahymena by the material isolated and reversal of the 
inhibition by guanosine. After the spectrophotometric readings, the two 
0.1 N acid eluates of paper strip spots which showed the presence of purine- 
like material, and a corresponding blank strip eluate, were evaporated to 
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e dryness. Water was added and evaporated three times to remove acid. 
)- The residue from Strip A was taken up in 12.5 ml. of water, and those 
h from Strip B and the blank in 9.5 ml. These solutions were tested for 
)- inhibition of Tetrahymena (2). Solution A inhibited at two levels, the 
inhibition being proportional to the concentration; this inhibition was 
g completely reversed by guanosine. Solution B did not inhibit, but showed 
8 slight stimulation. The blank solution showed only insignificant inhibi- 
e, tion. 
re 
5 TABLE I 
S, , Incorporation of 8-Azaguanine in Tetrahymena 
d -. sfoM 
a Culture A* Pagan PF 
8 NEN CRE a a em aM am? Late eae Ny Sehr 2640 1320 
0) HEE LG E017 aS ed Rear pie, 0.302 0.525 
vs MMU WOMPIFU ONES. = 6 occ, ac pai csusoh cee ekie this eeseee 9.5 17.1 
i Dry weight (after removal of acid-soluble com- 
to POUTICS: ANG NEPITES);. GIS s Sse a 0.33 0.52 
Acid-soluble nucleotides. .............0.0000000085 No azaguanine detected 
ns Nucleic acids, sodium salts, mg.................... 52.8 30.1 
ld Me WOU WEEN SG oh kira cnn srs tina oak wees aN oe 0.56 0.18 
RNA, azaguanine isolated, y................+..- 40 Ca. None 
he {ULL ga aR SPRUE cae Wie Sart Pe A res ar No azaguanine detected 
as ae 
0- * Culture A contained the following per ml.: 0.5 y of 8-azaguanine, 25 y of cy- 
N tidylic acid, 10 y of uracil; Culture B contained per ml.: 0.5 y of 8-azaguanine, 4 y 
% of uracil. 
or 
a DISCUSSION 
vy ays is 
‘ From the data summarized in Table I, it is evident that both cultures 
- synthesized considerable amounts of nucleic acid, although the concen- 
re tration was lower in the organisms grown in azaguanine and suboptimum 
om uracil. No explanation can be given for the failure of this latter culture 
wit to incorporate appreciable amounts of azaguanine into its nucleic acid. 
an The amount of DNA in Tetrahymena is approximately 10 per cent of 
ol the amount of RNA. For this reason insufficient DNA was available to 
76 test adequately for the presence of azaguanine. 
at 
The authors gratefully acknowledge the assistance of Miss Marjorie 
led Anastasia throughout this work. 
the SUMMARY 
Wo 
nas 8-Azaguanine was isolated from the RNA of Tetrahymena geleii W 
+6 half maximally inhibited by azaguanine in a complete medium. Organisms 
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grown in the same concentration of azaguanine but with suboptimum 
uracil were not inhibited and did not contain detectable amounts of 
azaguanine in the RNA. 
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STUDIES IN ALLOXAN METABOLISM 
I, THE DISTRIBUTION AND EXCRETION OF INJECTED ALLOXAN* 


By JOHANNA M. LEE ano DeWITT STETTEN, Jr. 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of the City of New York, Inc., New York, New York) 


(Received for publication, February 14, 1952) 


Despite the revival of interest in the biochemistry of alloxan which 
has followed the discovery of its diabetogenic action (1), relatively little 
is known concerning its metabolic fate in the mammalian organism. 
Early reports of the natural occurrence of alloxan (2, 3) were followed by 
a study of the effects of feeding large doses of alloxan to dogs (4). With 
the development of good analytical methods (5, 6) there have been re- 
ports of the rapid disappearance of injected alloxan from the circulation 
(5, 7). Its biological reduction to alloxantin has been inferred from the 
observed decrease in abundance of reduced glutathione in the blood 
following alloxan injection (7, 8) and from the finding that prior injection 
of cysteine or glutathione protects animals against the diabetogenic action 
of alloxan (9). 

The urinary excretion of murexide following feeding of alloxan has 
been described (4) and recently the occurrence of a compound in the 
urine which yields mesoxalic acid on hydrolysis has been observed to 
follow alloxan injection (10). 

The possibility that alloxan might occur in the course of purine or 
pyrimidine metabolism has frequently been considered (9, 11). The con- 
version of uric acid to dialuric acid by minced dog liver has been reported . 
(12). Other evidence in support of the view that uric acid gives rise to 
alloxan has been adduced from the observation that rise in urinary uric 
acid and decline in blood glutathione levels, as well as transient diabetes, 
have been observed to follow administration of adrenocorticotropic hor- 
mone (11). Similarly, the injection of massive doses of uric acid has been 
claimed to result in diabetes in glutathione-depleted rabbits (13), an ob- 
servation that could not be unequivocally repeated in another laboratory 
(14). 

The present paper deals with a study in which isotopic (N") alloxan 
has been injected in diabetogenic doses into rats and rabbits and the 
distribution of isotope among tissues and excreta studied. This procedure 
might be expected to reveal any unusual anatomical distribution of in- 


* This work was carried out with the aid of grants from Eli Lilly and Company. 
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jected alloxan or products derived from it and it was considered of interest 
to ascertain whether such products might be found in exceptionally high 
concentration in the pancreas. It was hoped to gain some insight into 
the nature of the metabolic fate of alloxan and the composition of its 
major excretory products. Similar experiments in which alloxan-2-C" 
was the test substance employed are also reported. 

Experiments are described in which uric acid-1,3-N™ was injected 
into glutathione-depleted rabbits in quest of evidence relating to the con- 
version of uric acid into alloxan. Recovery of labeled alloxan from the 
organs of such a rabbit by the carrier technique was attempted, in view 
of the success of this procedure in the demonstration of the occurrence 
of other transformations (15). The double carrier procedure of Bloch 
and Anker (16) was employed in these studies. Whereas the alkaline 
oxidation of uric acid to allantoin has been shown to proceed over a sym- 
metrical intermediate, the acid oxidation to alloxan results in the total 
loss of the imidazole ring of uric acid (17), and it was therefore felt that, 
should any alloxan arise from uric acid, it would be derived entirely from 
the labeled pyrimidine portion of the purine. 


EXPERIMENTAL 


Preparation of Isotopic Materials—Barbituric acid-1 ,3-N'® was prepared 
by the condensation of N'*-urea and malonic ester as previously described 
(18). It was converted to the benzal derivative and this was oxidized to 
alloxan with CrO ; in acetic acid (19). Alloxan monohydrate was re- 
crystallized from acetic acid. 


C.H.0.N2-H,0. Calculated, N 17.5, found, N 17.4 


Alloxan-2-C" monohydrate was prepared by the same series of re- 
actions. The isotopic starting material was, in this case, urea-C™ (Oak 
Ridge National Laboratory, Carbide and Carbon Chemicals Corporation). 


The specific activity of this alloxan was 267,000 c.p.m. per milliatom 
of C. 


C,H.0O,N2-H20O. Calculated, N 17.5, found, N 17.3 


Uric acid-1 ,3-N'® was the same material which has been used in other 
experiments (20). The authors are indebted to Mrs. Jean D. Benedict 
for assistance in these syntheses. 


C;H,N,O;. Calculated. C 35.8, H 2.4, N 33.3 
Found. ‘* 35.7, ‘* 2.4, ‘* 33.4, ash 0.0 


Administration of Isotopic Alloxan to Rats—Two male rats of the Wistar 
strain (Rats 1 and 2), weighing 239 and 254 gm. and maintained on a 
synthetic diet (21), were each injected intraperitoneally with a solution 
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containing 40.0 mg. of alloxan monohydrate-N'. These rats were kept 
in a metabolism cage, and urine and feces were collected daily. During 
the first 24 hours after injection, drinking water was replaced by a 5 
per cent solution of glucose. Rat 1 was moribund at the end of the 3rd 
day and was sacrificed at that time. Rat 2 was killed at the end of 
the 4th day. Aliquots of acid hydrolysates of several organs as well as 


samples of muscle and blood were separately analyzed for N!® concen- 


tration after digestion by the Kjeldahl method (Table I). The total 
nitrogen of each day’s urine and feces was also determined as well as the 
N® concentration. In addition, daily urinary ammonia (22) and urea 
(23) were determined (24) and each fraction was analyzed for N’®. From 
these quantities the concentration of N! in the residual urinary nitrogen, 
i.e. non-urea non-ammonia nitrogen, has been calculated. These results 
together with the percentages of the dose of injected N in each sample 
are given in Table II. A summary balance of N’ in these two rats is 
presented in Table III. 

Alloxan-2-C" has been injected into rats under various conditions. 
When material with a specific activity of 11,000 c.p.m. per milliatom of 
C was injected subcutaneously into six rats (average weight, 213 gm.) 
at a dosage level of 194 mg. per kilo, 67 per cent of the administered C™ 
was recovered in the urine in 48 hours. In another experiment, six rats 
(average weight, 251 gm.) were given the same material at a level of 216 
mg. per kilo and they excreted 74 per cent of the C™ in the urine in 88 
hours. One 280 gm. rat given an intraperitoneal injection of alloxan- 
2-C™ (specific activity 267,000 c.p.m. per milliatom of C) at a dosage 
level of 178 mg. per kilo excreted 46 per cerit of the administered dose 
of C* in 24 hours. 

The distribution of N' in the tissues shortly after administration of 
N-alloxan was studied after the injection of 40.0 mg. of alloxan mono- 
hydrate-N' subcutaneously into one rat weighing 320 gm. (Rat 3). This 
animal was killed by exsanguination under ether anesthesia 1 hour after 
the injection. No urine had been excreted nor could any be collected 
from the bladder. In this experiment, the minced tissues of each organ 
studied were twice extracted with 5 per cent trichloroacetic acid and the 
non-protein nitrogen (trichloroacetic acid-soluble) and protein nitrogen 
(trichloroacetic acid-insoluble) fractions were separately studied for N*. 
The pertinent results are given in Table I. 

Administration of Isotopic Alloxan to Rabbits—A young male albino 
rabbit was placed on a methionine-poor diet described by Haag and 
Wright (25), and after 91 days the concentration of glutathione in the 
blood, determined by the method of Woodward and Fry (26), had fallen 
from an initial value of 41.4 mg. to 17.3 mg. per 100 ml. The body weight 
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at this time was 970 gm. 47.8 mg. of alloxan monohydrate-N™ were 
injected intravenously and after 2 hours the animal was killed by bleed- 
ing under ether anesthesia. From the bladder 8 ml. of urine were ob- 
tained. Several organs, blood, and urine were studied with respect to 
quantity and isotopic composition of N in the non-protein and protein 
fractions (Table IV). 

In order to ascertain what fraction, if any, of the N’ in the non-protein 
nitrogen of the blood was still present in the form of alloxan, 32 mg. of 
carrier non-isotopic alloxan monohydrate were added to a 90 per cent 
aliquot of this fraction. The o-phenylenediamine derivative! was then 
prepared and, after two reprecipitations from alkali, the product was 
found to contain 0.021 atom per cent excess N™, corresponding to 0.042 
atom per cent excess N' in the alloxan moiety. Assuming the circu- 
lating alloxan to have arisen exclusively from that injected (N° = 17.55 
atom per cent excess), it could be calculated that 


0.042 
of ———__ } = 9, 
‘ - ~ ia) =e 


of isotopic alloxan persisted in this aliquot or 0.077 X 100/90 = 0.086 
mg. was present in the entire sample of blood non-protein nitrogen. This 
corresponds to 0.086/47.8 X 100 = 0.18 per cent of the dose injected or 
about 10 per cent of the isotopically labeled material in the blood non- 
protein nitrogen. It should be pointed out that alloxantin as well as 
alloxan is precipitated by o-phenylenediamine (5) and that therefore any 
circulating alloxantin would be included in the above calculations. 

Administration of Isotopic Uric Acid—Two young male rats, weighing 
141 and 124 gm., were fasted for 24 hours and then injected intraperi- 
toneally with a solution containing 9.8 mg. of uric acid-1,3-N™ (30.4 
atom per cent excess N!) as its Li salt. After 3 hours the rats were 
killed, the combined livers, kidneys, and spleens removed and ground 
with an equal volume of 10 per cent trichloroacetic acid, and the mixture 
was filtered. The solid residue was re-extracted with 5 per cent trichloro- 
acetic acid. The combined filtrates and washings were divided into two 
equal portions. To one of these, 32 mg. of non-isotopic alloxan mono- 
hydrate were added, to the other portion, 64 mg. (16). An excess of 
o-phenylenediamine trichloroacetate was added to each portion. Each 
mixture was boiled under a reflux for 1 hour and chilled. The precipitate 
was collected and twice reprecipitated from dilute NaOH solution by 
addition of acetic acid. Control experiments revealed that this pro- 
cedure cleanly separates alloxan from contaminating uric acid. 


1 The structure of this product is uncertain. The controversy has been reviewed 
by Archibald (5). 
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In another experiment large adult rats were employed. The doses of 
injected uric acid were 12 mg. to a rat weighing 480 gm. and 9 mg. toa 
rat weighing 350 gm. The rats were killed 3 hours after injection and 
protein was removed from the minced kidneys, liver, and spleen with the 
reagents of Herbert and Bourne (27), as recommended by Archibald (5). 
Otherwise, essentially similar isolation methods were employed as in the 
above experiments. The concentrations of N' in the several purified o- 
phenylenediamine derivatives isolated from rats receiving isotopic uric acid 
ranged from 0.001 to 0.004 atom per cent excess. 

In an attempt to study the situation described by Griffiths (13), a 
rabbit was depleted of glutathione as described above. The blood gluta- 
thione level fell to a value of 23.9 mg. per 100 ml. and, at the time of the 
experiment, the animal weighed 1000 gm. 1 gm. of uric acid (N® = 
3.04 atom per cent excess) suspended in 20 ml. of water was injected 
intraperitoneally and, after 3 hours, the animal was killed and a carrier 
isolation of alloxan was carried out on the non-protein nitrogen fraction 
of the collected blood, liver, kidneys, spleen, omentum plus pancreas. 
The concentrations of N' in the purified o-phenylenediamine derivatives 
isolated from this rabbit which had received a massive dose of isotopic 
uric acid were 0.006 and 0.002 atom per cent excess. 

All N** determinations were carried out on a 60° mass spectrometer. 


DISCUSSION 


The values in Table I (Rats 1 and 2) reveal that N} is fairly uniformly 
distributed throughout the tissues of the rat 3 or 4 days after injection of 
alloxan-1,3-N'®. The actual concentrations in the total nitrogen frac- 
tions are in all cases low. 

The results obtained when only 1 hour elapsed between injection and 
killing the animal (Rat 3) indicate that the isotope is concentrated in 
the trichloroacetic acid-soluble material. The highest concentration of 
N® in this experiment was observed in the non-protein nitrogen fraction 
of the kidney, but in view of the rapid urinary elimination of the isotope, 
to be discussed below, this finding is attributed to a high concentration of 
products derived from alloxan in tubular and renal pelvic urine. The 
blood non-protein nitrogen was several times as rich in N® as that of 
any of the remaining organs. Next in order of N® concentration were 
the lung and liver. The non-protein nitrogen of the pancreas was poorer 
in N* than that of most of the tissues studied. Whereas this finding 
does not preclude the possibility that high concentrations of N'®* may 
exist locally in the 6-cells of the islets of Langerhans, it fails to support 
the view that the specific injury to these cells is a consequence of ex- 
cessive local accumulation of alloxan. All of the protein nitrogen frac- 
tions studied were notably poor in N*. 
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The rate of urinary elimination of the nitrogen of injected alloxan is 
indicated from the results given in Table II. Of the N™® injected as 
alloxan, 45 per cent had been excreted in the urine in 24 hours and 62 
per cent was recovered from the urine in 3 days. When alloxan labeled 
with C™ in position 2, instead of with N" in positions 1 and 3, was in- 
jected, a similar recovery of isotope in the urine was encountered. 46 


TABLE I 


Atom Per Cent Excess N° in Tissue Samples after Injection of Isotopic Alloxan 
into Rats 
Rats 1 and 2 were injected intraperitoneally with 40 mg. each of alloxan mono- 
hydrate (N!® = 17.55 atom per cent excess) and after 3 days for Rat 1 and 4 days 
for Rat 2 the isotope in the total N of various tissues was determined. Rat 3 was 
injected subcutaneously with 40 mg. of the same alloxan and, after 1 hour, the 


isotope in the trichloroacetic acid-soluble and insoluble fractions of those tissues 
was determined. 




















| | Rat 3 
Sample Tetal N | Tetal N ere. Pe 

| Non-protein N Protein N 

| atom % excess* | atom % excess | atom % excess | atom % excess 

OCT ee ak Tk ae 0.005 | 0.006 0.015 0.008 
BDIORI A sic stis eeetesascay tN. 0.011 | 0.007 0.045 0.006 
Sd Tea ee cin rin | 0.005 | 0.003 2.440 0.002 
| RSS 0.007 | 0.006 
|” TREE Re reer 0.007 | 0.010 0.039 0.003 
oc te ARES el 0.009 | 0.010 0.114 0.003 
PR OMe eae ee eee 0.007. | 0.004 0.148 —0.001 
Prone fccts2). ha kad. el ssa 0.006 | 0.003 0.026 0.000 
MNRAS Fe ees 2 cia Siete, 0.012 | 0.011 0.000 0.005 
CLL LSI a Pi et eee ni | 0.014 | 0.011 0.017 0.003 
Sc 55 oa 5 3h aoe neat 0.009 | 0.001 | 0.933 0.009 
CRENONENES: coe es ote ee eons | 0.064 0.006 

| 








* Standard error of N!® determination in low ranges = +0.003 atom per cent 
excess. 


per cent of the administered dose of C'* was excreted in the urine in the 
first 24 hours and 67 to 74 per cent was present in the urine in the 48 
hours following injection. 

The urea excreted during the 3 days following injection of alloxan- 
1,3-N" into rats (Table II) contained only 1.3 per cent of the N® ad- 
ministered, and the ammonia only 0.3 per cent. From these findings it 
is apparent that the bulk of the alloxan did not undergo complete cata- 
bolic breakdown in the body of the rat. In view of the findings of Cere- 
cedo (4), which indicate that urea is an end-product of uracil and thymine 
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metabolism, the present findings argue against the occurrence of alloxan 
as a major intermediate in the catabolism of these pyrimidines. 

The nature of the isotopic compound or compounds present in the urine 
which contain the major share of the isotope after injection of isotopic 
alloxan is currently under investigation. In confirmation of others (4), 
a red-pink coloration has been noted in the urine collected during the 
first 24 hours after alloxan injection, suggesting the formation of murexide 
or some similar material. Preliminary results indicate the absence of 
isotopic alloxan and of alloxanic acid in the freshly voided urine and the 
presence of some material which, on alkaline hydrolysis, yields urea. 
These findings, together with those of Seligson and Seligson (28), suggest 
that some derivative of alloxanic acid may be a major metabolic product 
of alloxan. 

About 4 per cent of the N' injected as alloxan was excreted in the feces 
during the succeeding 3 days (Table II). This finding is of interest in 
view of the suggested biliary excretion of metabolic products of alloxan 
(4). From the balance in Table III it will be seen that about 90 per cent 
of the injected dose has been accounted for in the fractions studied. 

The administration of alloxan-1,3-N' to a rabbit gave similar results 
(Table IV). The concentration of N'® in each tissue studied was higher 
in the non-protein than in the protein fraction. The pancreas was rel- 
atively poor in isotope when compared with kidney and spleen. The 
prompt elimination of isotopic products in the urine is again indicated. 
In the present experiment, 18 per cent of the injected dose of N was 
found in the bladder urine within 2 hours. As in the rat, the major 
portion of this urinary N!* was neither in urea nor in ammonia. 

2 hours after injection of alloxan, 1.8 per cent of the isotope injected 
was recovered in the non-protein nitrogen of that portion of the blood 
which could be collected. This is estimated to represent about half the 
total blood of the body. By carrier isolation it could be shown that 
about 10 per cent of this was precipitable by o-phenylenediamine, repre- 
senting circulating alloxan or alloxantin. From this it may be estimated 
that no more than 0.4 per cent of the injected alloxan survived as such 
in the entire circulating blood. 

In several experiments uric acid labeled with N' in the pyrimidine 
ring has been injected into rats and glutathione-depleted rabbits. Car- 
rier non-isotopic alloxan has been added to suitably prepared solutions 
of the non-protein nitrogen fractions of the organs of such animals, and 
has been reisolated as its o-phenylenediamine derivative. In every case 
studied thus far, repeated purification of this derivative has resulted in 
decline in abundance of N'® to levels not considered significant. It has 
been estimated, on the basis of the N' concentration in the uric acid 
and the quantity of carrier added, that the presence of 10 y of alloxan 
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derived from uric acid in the rat, or 50 y in the rabbit, would have been 
readily detectable by this method. 


Taste III 
Distribution of Isotope 4 Days after Injection of N*-Alloxan into Two Rats 


Rats 1 and 2 were injected with 40 mg. each of alloxan monohydrate (N'® = 
17.55 atom per cent excess). The percentages of the injected dose recovered in 
the major fractions are summarized. 











Source Per cent of dose injected 
Wne 4 ayes: lecce [has dan cio ea SES ae: 65.5 
ME et tT oes rds ih ev dodge RAL ER Re er a 4.2 
SEDO RI soo 556 ain La Be xe oe a EA 13.4 
- FD raven igs get Pakave en OSA o Ie ES 7.8 
RAUAUTOCOVORY © 2825055. dano ys eke Bi on Me oe 90.9 








* Details of urine studies; see Table IT. 
+ Details of tissue analyses; see Table I. 
TaBLe IV 
Distribution of Isotope 2 Hours after Injection of N‘*-Alloxan into Rabbit 


Alloxan monohydrate (N!* = 17.55 atom per cent excess) was injected intra- 
venously into a glutathione-depleted rabbit at a dose of 49.2 mg. per kilo. The 
concentrations of N!5 in tissues and urine have been determined. 




















Sample Tienes aha Ti fines 
N% atom per N™ per cent N atom per N® per cent 
cent excess of dose cent excess of dose 
BOO CO Hi). cess kee ed 0.140 1.80 0.004 
oe ee ae rr 0.011 0.47 0.004 2.08 
Kidneys and spleen............ 0.077 1.12 0.003 0.44 
Pancreas and omentum........ 0.008 0.02 0.004 0.08 
Bladder urine (8 ml.) 
MCU NO 845, 26 ac dete eee eas | 0.118 18.03 
_ . ae ce | 0.128 0.49 
eer | 0.003 0.34 | 
0 


We IF oss. vin cdn nes | .695 17.19 | 





* See foot-note to Table IT. 


The authors are indebted to Mr. Frank J. Rennie and Mrs. Eleanor 
Schroeder for the performance of N' analyses. 


SUMMARY 


The distribution of isotope in tissues and excreta of rats and rabbits has 
been studied after injection of isotopic alloxan in diabetogenic doses. 
About two-thirds of the isotope, whether N™ in positions 1 and 3 or C™ 
in position 2, is excreted in the urine within 3 days by the rat, mostly as 
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an as yet unidentified material. Fecal excretion is small when compared 
with renal elimination. 

In studies with alloxan-1 ,3-N', the isotope in the tissues was recovered 
in highest concentration in the non-protein nitrogen fractions of the 
kidney, blood, hing, and liver. The pancreas was relatively poor in 
isotope. All protein fractions were very poor in N®. 

In several experiments in rats and in glutathione-depleted rabbits, 
uric acid-1,3-N'® was administered and carrier alloxan was added to 
solutions of the non-protein nitrogen of the internal organs. Alloxan 
was reisolated, but in no case could significant concentrations of isotope 
be demonstrated in isolated products, indicating the absence of significant 
generation of alloxan from uric acid. 
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ACETYLCHOLINESTERASE* 
XII. FURTHER STUDIES OF BINDING FORCES 


By IRWIN B. WILSON 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, January 16, 1952) 


It has been concluded in previous studies (1-3) that the active surface 
of acetylcholinesterase contains two primary regions which react with 
substrates and inhibitors: (1) a negatively charged structure, or anionic 
site, which facilitates enzymic activity by attracting, binding, and orient- 
ing cationic substrates, and (2) an “esteratic site” responsible for the hy- 
drolytic activity. This site contains a basic and an acidic group. These 
groups must be joined by structures of high electron fluidity such as 
exist in conjugate double bonds. The basic group contributes to the 
formation of enzyme substrate and enzyme inhibitor addition compounds 
by forming a covalent bond with the acyl carbon atom of substrates and 
of inhibitors when the latter contain a carbonyl group suitably located 
with respect to other structural features. The acidic group does not 
contribute to the formation of enzyme complexes (4) but is involved only 
in the hydrolytic process in which it functions in conjunction with the 
basic group to make a combined acid-base attack upon the substrate 
portion of the enzyme-substrate complex, resulting in the elimination of 
alcohol and the formation of an acetyl enzyme (5, 6). 

The conclusion that the basic group reacts with the acyl carbon atom of 
substrates and inhibitors was reached in part from the demonstration that 
in a series of inhibitors of the same fundamental structure the order of 
inhibitory strength coincided with the order of electrophilic character of 
the carbon atom. It would be of interest to know whether a similar cor- 
respondence of electrophilic character and affinity exists for substrates. 
Such a comparison, however, cannot be made unequivocally because in 
no case can the dissociation constant of an enzyme and substrate be meas- 
ured. What can be measured is the Michaelis-Menten constant. This 
constant is generally represented by 


_ kth 


Kn Ie 





* This investigation was supported by research grants from the Division of Re- 
search Grants and Fellowships of the National Institutes of Health, United States 
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where k represents rate constants defined by the formulation 


Enzyme + substrates = complex = products + enzyme 
2 
This representation is, however, seldom, if ever, correct, since it is based 
upon a model which does not take into account the dissociation of acidic 
and basic groups upon which the activity depends. Only certain pH- 
dependent forms yield active complexes. For acetylcholinesterase (and 
a non-dissociating substrate) the constant is given by 


ke + ks (Ht) Kru 
Kn ™ ky E " K gn2+ * = 
where (H+) is the hydrogen ion activity, Key,+ is the acid dissociation 
constant of the basic group, and Key (5 X 107!) is the dissociation con- 
stant of the acid group of the enzyme-substrate complex. For pH less 
than 9 the term containing Kgy is negligible but the term containing Kry,+ 
may be quite large. 

The value of Kzgy,+ is uncertain, since several different kinds of evalua- 
tions, such as from the pH dependence of acetylcholine and thiolacetic 
acid hydrolysis, and of prostigmine inhibition, have yielded values ranging 
from 0.7 X 10-7 to 3 X 10-7. The best value appears to be 1 X 107; 
hence at pH 7.3 the bracketed term equals 1.5. In comparing the con- 
stants of different substrates the value of this term is of no importance if 
measurements are made at the same pH. 

Tn general it is possible to measure only K,, and ks; thus the enzyme- 
substrate dissociation constant k2/k; is unknown. In the case in which 
kz is larger than k; the dissociation constant is approximated by Kn. It 
will be seen that there is some evidence that this condition prevails for 
acetylcholinesterase and the substrates investigated in this study. 

This report is also concerned with an analysis of the réle of methy! or 
other alkyl groups in the interaction of smaller molecules with the enzyme. 








Methods 


Kinetic measurements were made manometrically (7) for all inhibition 
experiments and for the substrates ethyl acetate, ethyl chloroacetate, 
isoamyl acetate, and dimethylaminoethyl acetate. In those cases in 
which the inhibitor or substrate can exist in acidic and basic forms, some 
of the acid produced during hydrolysis is utilized in shifting this equilib- 
rium and does not go into the production of carbon dioxide. The magni- 
tude of this effect depends upon the equilibrium constant and the con- 
centration and was negligibly small in all cases in which the concentrations 
were 0.1 m or less, except for ammonium chloride, dimethylaminoethy! 
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acetate hydrochloride, and ethanolamine hydrochloride. The corrections 
for this effect were determined experimentally by adding a known amount 
of acid from the side arms in the absence of enzyme. The decrease of 
CO: with ammonium chloride is so large at the very high concentrations of 
2 m necessary for inhibition that this method cannot yield satisfactory 
results. In any event, the salt concentration is so high that it would be 
difficult, if not impossible, to assign significance to any observed inhibi- 
tion. Therefore, data are not included for ammonium chloride. 

_ Even at the highest concentrations the corrections for ethanolamine 
hydrochloride and dimethylaminoethyl acetate hydrochloride were suf- 
ficiently small so that they could be applied with accuracy. The latter 
compound has an additional correction due to the fact that at pH 7.3 only 
90 per cent of the substrate molecules are cationic, whereas nearly 100 per 
cent of the dimethylethanolamine produced on hydrolysis is cationic. 
There will thus be a 10 per cent retention of carbon dioxide. 

In all instances measurements were made over a range of concentrations, 
but in the case of cationic inhibitors the ionic strength was held constant 
in any one series by balancing the decrease in inhibitor with an increase 
in sodium chloride in those cases in which the amount of inhibitor was 
significant with respect to the usual 0.25 m ionic strength of the bicar- 
bonate buffer. 

In the case of acetic anhydride the colorimetric method of assay was 
used (8). 1 mole of acetic anhydride yields 1 mole of acetohydroxamic 
acid. Readings were taken within a few seconds of adding substrate and 
half a minute later. Corrections for non-enzymic hydrolysis, while quite 
high, were less than 20 per cent; hence reasonably accurate results could 
be obtained. 

The rates of hydrolysis of acetylcholine and dithiolacetic acid were 
measured by iodometric assay of the mercaptan group so produced. The 
solutions of dithiolacetic acid were obtained by adding the stoichiometric 
amount of iodine to thiolacetic acid solutions. There is a slow spon- 
taneous hydrolysis of this compound. The reaction is quite interesting 
in that there is a precipitation of sulfur. The reaction appears to be 


CH;COSSCOCH; + H.0 — CH;COOH + CH;COSSH 
CH;COSH + 8 


In the case of acetylthiocholine the concentrations were so low that it was 
necessary to use volumes up to 75 ml. to obtain satisfactory accuracy. 
The reactions were carried out in phosphate buffer of the same magnesium 
concentration and ionic strength as the manometric medium. The re- 


_ actions were stopped by adding a high concentration of prostigmine. 
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In all cases the enzyme was purified cholinesterase from the electric 
organ of Electrophorus electricus (9). 


Results 


The inhibitory strength of various ammonium ions is recorded in Table 
I in terms of the concentration required to produce 50 per cent inhibi- 
tion (Cs) at pH 7.3 and an acetylcholine concentration of 4 um per ml. 

The inhibition caused by these ions is reversible and competitive; hence 
inhibition is dependent upon substrate concentration and is greater at 


TaB.Le I 
Inhibitory Strength of Various Ammonium Ions 
Cs9 = 50 per cent inhibition concentrations. 











Coo 

TevrametnylAMMoOniuMiONs . <<... 566... sc ins owe ee eces LX 107 
Mirhiiein thar h cre tL) | es re 1.5 X 107? 

e Bee ae Ne hd ae a Tan A 2.1 X 10-** 
JEST neg Oc) eee CO 0) sh 1.2 X 10° 
MECN PRMEITMAOIEON, Oe... Sse bce oo ce sec ckeee €.0°X 10-*f 
Trimethylethanolammonium ion (choline)............... 5.0 X 10-3 
Dimethylethanolammonium ‘“......................065 5.0 X 107% 
Methylethanolammonium ion........................0005 7.0 X 107? 
MER ANNES ANSRNNAIOSRETRNIU TROT 36.08 5a sacs + sg es0'e $5 4,0roig 093 4 042 eo eee 2.8 X 10-1*f 
PENSE TMIOTEN Se ote ces oe ce bors PEs Ph ente fereade ves 1.56 X 107 
Tetraciuny mmmMeniimn ION... eee ees 5.0 X 107% 
Dimethylpropylammonium ion........................004. 4.0 X 10 3 
Trimethyiphenylammonium “! .....c 6c cc ce ee es 8.0 X 10-4 
Hexyldimethylaminoethanolammonium ion.............. 4.5 X 10-3 





* Tonic strength 0.45 m; others about 0.25 M. 
+ Extrapolated from a concentration of 0.20 M. 


lower concentrations. Thus, while choline at a concentration of 0.005 m 
inhibits 50 per cent when the acetylcholine concentration is 4 um per ml., 
it inhibits 60 per cent when the substrate concentration is 2 um per ml., 
and only 35 per cent when it is 8 um per ml. 

The Cy values were obtained by measuring the activity at different con- 
centrations of inhibitor and plotting the data so as to obtain a linear locus 
of points in accordance with the equation 








v? (I) 

tee Dat . 

v (S) (S)? 
Robck ae ge 


where v® is the rate without inhibitor, v with inhibitor, (J) the inhibitor 
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concentration, K; the inhibitor enzyme dissociation constant, K,/0.032 
the dissociation constant for the inactive enzyme-substrate super com- 
plex HS2, and (S) the concentration of substrate. This equation indicates 














Taste II 
Values of Kn, k3, and Concentration Range for Several Substrates 
Substrate Concentration range Km Relative ks 

ke |—— 
Dey GCOURRON. 5 0 RR ee 5X 1073 xX 10° |}|5 X10" 12 

WIRE MOLORCOCALE S! :./. sce stot 5 X 10°32 X 1077/3 x 10? 13 
PART BORGES 05<-s5:0-530:5 Lageeseeariaantos 6X 10*5 xX 107? |8 X10?) 11 
Dimethylaminoethyl acetate...........| 1 X 10°*1 X 107° |1 xX 10-3 38 
PRPOUVROHONING © 6. o:5. ois, soa 4. o-s10:e a stp eaeetac’ 4X 10°+-1 X 107! | 4.5 X 1074 100 
AOGUIC GMNYVOTIGEs soc ye ny ceca ee 5 X 10°*6 X 10°? |} 4 SX «10-4 13 
Dithiolacetre Aid: oo 3X 10°*3 K 1073 | 2) —X 1074 18 
Acetyithrocholine’. . ..: 0:5 00/0. sen sc be | 2X 10-1 X 10°? | 1.2 X 10 100 








* Taken from Wilson and Bergmann (2). 
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ps 
Fic. 1. (a) Dimethylaminoethyl acetate hydrochloride, (b) acetylcholine chlor- 
ide, taken from Augustinsson and Nachmansohn (11), (c) acetylthiocholine iodide. 


The optimum velocity of acetylcholine hydrolysis was given a reference value of 
100. 


that the enzyme inhibitor dissociation constant is equal to 0.09 X Cx for 
our conditions. 


The values of K,, and k3; were determined in the usual way (10) from a 
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linear plot of the reciprocal of the reaction velocity against the reciprocal 
of the substrate concentration. This method involves an extrapolation 
to infinite substrate concentration and is therefore not apt to yield precise 
values in those cases such as ethyl acetate, isoamyl acetate, and ethyl] 
chloroacetate in which the substrate concentration is limited by solubility 
and the highest reaction velocity measured is only about one-half the 
calculated maximum. However, since satisfactory straight lines were 
obtained, it seems unlikely that the error is greater than 50 per cent. 
Values of K,, ks, and the concentration range in which measurements 
were made are presented for several substrates in Table II. Fig. 1 shows 
a comparison of the velocity-substrate relationship of acetylthiocholine 
(iodide) and dimethylaminoethyl acetate (hydrochloride) with acetyl- 
choline (chloride). The acetylcholine data are taken from Augustinsson 
and Nachmansohn (11). The acetylthiocholine curve is not quite sym- 
metrical, and so the data do not closely follow the usual formulation of a 
bell-shaped curve based on a formula of ES, for the inactive super com- 
plex but the fit is close enough to yield satisfactory values of k3 and K,,. 


DISCUSSION 


Cationic Inhibitors—The fact that the successive removal of methyl 
groups starting with the trialkyl] member of the simple ammonium ion 
and ethanolammonium ion series leads to progressively poorer inhibitors 
reveals the importance of van der Waals’ dispersion forces in the binding 
of these ions to the enzyme. On the average, there is a 6.7-fold diminu- 
tion of inhibition for each methyl group corresponding to some 1.2 kilo- 
calories per mole change in the free energy of binding. This quantity can 
easily be accounted for on the basis of dispersion forces between the sub- 
strate and a hydrocarbon moiety of the enzyme. These forces, for ex- 
ample, are the only ones of significance operating between methane mole- 
cules and are responsible for the liquefaction of that gas. The internal 
energy' of evaporation (at the boiling point) of methane is 2.0 kilocalories 
per mole (12); therefore there is ample energy available from this effect. 

That the addition of a methyl group to the trialkyl cation of both the 
ammonium and ethanolammonium series produces little or no change in 
the binding indicates that those ions do not cause a folding of the protein. 
These ions are more or less spherical; hence it is possible for a fourth alky] 
group to come into close proximity to the enzyme only if the protein en- 
gulfs the ion. Otherwise, and this seems to be the case, the fourth group 
will project away from the enzyme into the surrounding aqueous medium 
and will be without binding properties. 

Increasing the size of the alkyl groups compared to tetramethylam- 


1 Calculated from the latent heat of evaporation. 
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monium ion, as in tetraethylammonium ion, choline or dimethylamino- 
ethanolammonium, dimethylaminopropane ammonium ion, and hexyldi- 
methylaminoethanolammonium ion produces increased binding, and again 
this effect is readily attributed to van der Waals’ forces. Trimethyl- 
phenylammonium ion is rather better than the other cations, but it is not 
clear whether this is due to some special effect of the aromatic ring or just 
increased size. Increasing the size of alkyl groups cannot, of course, in- 
definitely lead to greater binding, since soon a bulk may be reached which 
prevents a very close approach of enzyme and inhibitor. 

Dimethylaminoethanolammonium ion is about 30 times as effective as _ 
its uncharged analogue isoamyl alcohol. This increase is a simple elec- 
trostatic interaction of the cation with the anionic site. The cation of 
eserine is about 20 times more powerful than the uncharged molecules and 
this difference corresponded to an approach of the centers of electric 
charge to within 6.5 A (1). The present data indicate an approach to 
about 5.7 A as compared to the closest approach of 5 A estimated from 
bond radii, if 3.5 A is taken for the radius of the methylated ammonium 
group and 1.5 A for the unknown negative group in the anionic site. 

Trimethylammonium ion decreases in inhibitory power as the ionic 
strength is increased. Presumably the other cations would show the same 
decrease, since this observation is in agreement with the decrease observed 
by Myers (13) with prostigmine and eserine. We do not, however, agree 
with his interpretation that sodium ions compete with prostigmine for the 
anionic site. There is no indication that the binding energy would be 
anywhere near sufficient to produce significant binding, and, moreover, it 
is not clear how these ions can compete with prostigmine and not simul- 
taneously with acetylcholine when the concentrations of the substrate 
and inhibitor are such that they mutually compete. The salt effect may 
involve the effect of ionic strength on activity coefficients, 7.e. the Brgnsted 
primary salt effect. 

The ammonium ions inhibit by occupying the anionic site. The bind- 
ing is effectuated by ionic and dispersion forces. In the case of uncharged 
analogues such as isoamyl alcohol, isoamyl acetate, and the uncharged 
forms of dimethylaminoethyl acetate and eserine, only the van der Waals’ 
forces are involved in binding at this site. By occupying the anionic site 
these inhibitors not only make the site unavailable for binding a substrate 
molecule but sterically interfere with binding at the esteratic site or with 
the conversion of the complex to the critical complex. These compounds, 
for example, can completely inhibit the enzymic hydrolysis of ethyl ace- 
tate. But, if both the substrate and the inhibitor are sufficiently small, 
steric inhibition will not be complete and complete inhibition cannot be 
achieved. The inhibition of thiolacetic acid hydrolysis by trimethyl- 
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ammonium ion, for example, reaches a saturation value of only 30 per cent 
(6). 
The fact that choline is no better than dimethylaminopropane hydro- 


chloride as an inhibitor indicates that no hydrogen bond is involved in the : 


binding of choline and suggests that no hydrogen bond is involved in 
binding acetylcholine. This is in agreement with the finding that the 
acidic group of the esteratic site does not form a hydrogen bond with 
prostigmine (4), although it is believed that a kind of hydrogen bond is 
involved in the critical complex formed with substrates and helps explain 
thereby the low energy of activation. 

Substrates—The substrates listed in Table II have K,, values decreasing 
from top to bottom by a factor of 3 X 10°, whereas the k; values differ by 
a factor of 9. In the series ethyl acetate, ethyl chloroacetate, isoamy] 
acetate, and acetic anhydride, K,, changes a thousand fold, without sig- 
nificant change in k3. Acetylcholine and acetylthiocholine have the same 
value of k3, but K,, differs by a factor of 3.7. 

From this lack of relationship between k; and Kn, it is tempting to 
assume that K,, is determined by k2/ki; 7.e., that Km (corrected for the 
pH-dependent term of the equation given above) is the enzyme-substrate 
dissociation constant, but it is still possible that k3/k is a comparable or 
even larger term. However, in that event a negative change in K,, would 
necessarily mean a positive change in k,; yet the addition of methyl groups 
in going from ethyl acetate to isoamyl acetate would hardly be expected 
to increase k;. Moreover, if an increase in k; were not in turn to indicate 
a decrease in k2/k;, it would be necessary for kz to increase correspondingly. 
But just those structural features, which the inhibition experiments have 
shown to produce greater binding and would therefore be expected to 
reduce ke, do in fact decrease K,,. We can, for example, compare ethyl] 
acetate, isoamyl acetate, and acetylcholine. From Table I we see that 
two methyl groups increase the binding by about a factor of 45 and a 
positive charge by a factor of about 30; therefore, the binding of acetyl- 
choline should be about 1300 times greater than ethyl acetate. The K,, 
value is smaller by about a factor of 1100. Similarly, isoamyl acetate 
should be about 45 times better bound than ethyl acetate. Its K,, is 
smaller by a factor of 60. However, on the same basis we would expect 
dimethylaminoethyl acetate to have the same K» as acetylcholine, but 
its value is larger by a factor of 2.2. From these considerations it seems 
quite safe to relate large changes in K,, with changes in binding. Sub- 
stituting a sulfur for an oxygen atom in an organic compound has an effect 
which can be readily explained on the basis of increasing the electrophilic 
character of neighboring carbon atoms. This is illustrated, for example, 
by the greater acidity of thio ethers, thiol acids, and mercaptans relative 
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to the corresponding oxygen compounds. Even thioglycolic acid is 
stronger than glycolic acid. Moreover, thiolacetic acid is an acetylating 
agent (14). Hammett (15) has assigned a greater ¢ value to CH;S— than 
toCH,0—. With this in mind we can arrange the substrates in two series 
of increasing electrophilic character of the acyl carbon atom as (1) ethyl 
acetate, ethyl chloroacetate, acetic anhydride, dithiolacetic acid, and (2) 
acetylcholine, acetylthiocholine. This is the order in which the K,, de- 
creases. Within the uncertainty discussed above, it is, therefore, the 
order in which binding increases, and so the importance of an electrophilic 
acyl carbon atom in forming enzyme complexes is further substantiated. 
The electrophilic character appears to be without effect on k3. The satu- 
ration rate of such an easily hydrolyzed substance as acetic anhydride is 
no greater than that of ethyl acetate. That the ks values are different for 
different substrates shows that the rate-controlling step cannot be the 
reaction of acetylated enzyme with water which would be identical for all 
of the substrates except the chloroacetate and must, therefore, be the rate 
of formation of acetylated enzyme. Actually, this argument can apply 
strictly only to all but the fastest reaction; in the case of acetylcholine 
and acetylthiocholine we cannot be certain that the rate-controlling step 
has not shifted to the hydrolysis of acetylated enzyme. 

Acetic anhydride and dithiolacetic acid have about the same K,, as 
acetylcholine, although they lack the methylated cationic structure which 
is so readily bound by this enzyme. Evidently this lack is amply com- 
pensated by the highly electrophilic acyl carbon atoms. 

The acetylthiocholine velocity-substrate concentration curve is very 
nearly the same as that of acetylcholine (Fig. 1), but displaced to about 
one-fourth of the concentration; hence this substrate is more readily hy- 
drolyzed at very low concentrations than is acetylcholine. 

As already mentioned, judging from the above inhibitors, we should 
have expected that dimethylaminoethyl acetate would be bound by the 
enzyme in a nearly identical manner as acetylcholine. Actually, the 
K,, and kz values differ by a small but significant factor of about 2.5. The 
inhibitors referred to above are bound only at the anionic site. It would 
appear that when we have binding at both the esteratic and anionic sites 
the “extra”? methyl group is not inert. Yet for this methyl group to come 
into close proximity with the enzyme would appear to require a reshaping 
of the protein, as discussed above, with regard to the inhibitors. Such a 
change might be of quite considerable interest. The differences in ks 
and K» are very slight when compared to the remarkable difference in the 
biological activity of the two compounds. There the difference is a hun- 
dred fold or more (16). The choline acetylating system acetylates di- 
methylaminoethanol just as well as choline (17). But from Fig. 1 we 
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again see a distinction between the two compounds: dimethylaminoethy] 
acetate does not produce a bell-shaped curve and it does not show sub- 
strate inhibition. The “extra” methyl group is somehow involved in the 
formation of the inactive super complex. It would, therefore, seem likely 
that the super complex involves some sort of reshaping of the protein 
molecule. Nachmansohn was led to postulate that during the propaga- 
tion of nerve impulses acetylcholine is released, reacts with a receptor pro- 
tein, and thereby changes the permeability of the protein membrane (18). 
The possible reshaping ability of acetylcholine in the case of the enzyme 
protein is very interesting, especially in view of the lack of this ability in 
the biologically inactive dimethylaminoethyl acetate. The concentrations 
of acetylcholine which affect the enzyme are, of course, from the biological 
point of view extremely high, and hence the enzyme cannot be the re- 
ceptor protein. 


SUMMARY 


Inhibition studies with alkylated ammonium ions reveal that the alkyl 
group has binding properties for acetylcholinesterase whose magnitude is 
readily accounted for on the basis of dispersion forces. The tetraalky] 
and trialkyl ions are equal inhibitors, which might be expected since these 
ions are spherical and a close proximity of the fourth group with the en- 
zyme would require that the protein engulf the molecule; 7.e., a reshaping 
of the protein would be required. The importance of a positive electrical 
charge is confirmed. 

Studies with different substrates show that increases in binding are 
reflected in the value of K,,, whereas ks bears no relationship to Kn. The 
importance of an electrophilic carbon atom is shown. The rate-control- 
ling step in the hydrolysis of substrates is the formation of acylated en- 
zyme. The substrates acetylcholine and dimethylaminoethyl acetate 
have K, and kz values which differ only by a factor somewhat greater 
than 2; then interaction with the enzyme is not very different at low con- 
centrations, but at high concentrations there is a marked difference in that 
the dimethyl compound does not show substrate inhibition. This dif- 
ference is discussed in relationship to a possible reshaping of the protein 
and its relationship to the marked difference in biological activity of the 
two compounds. 

The rate-substrate concentration curve for acetylthiocholine is similar 
to that of acetylcholine but displaced to one-quarter of the concentration. 


The author wishes to express his gratitude to Dr. D. Nachmansohn 
for his inspiring guidance and advice throughout this work. He also 
wishes to thank Mrs. Ida Freiberger for her assistance in performing the 
experiments. 
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AN IMPROVED COLORIMETRIC METHOD FOR THE 
QUANTITATIVE ESTIMATION OF 
THYMINE 


By EUGENE D. DAY anv WILLIAM A. MOSHER 


(From The Biochemical Research Foundation, Newark, Delaware) 
(Received for publication, January 29, 1952) 


The Hunter (1) procedure was originally developed for the colorimetric 
detection of minute amounts of thymine. In this procedure thymine is 
coupled under air with p-diazobenzenesulfonic acid in carbonate solution, 
and a red color is subsequently produced by the addition of sodium hy- 
droxide and hydroxylamine. Thymine was determined by this means in 
hydrolysates of desoxypentose nucleic acids (DNA) by Woodhouse (2, 3), 
by Pircio and Cerecedo (4), and by Day et al. (5). The original method, 
however, was found to permit only semiquantitative measurements of 
thymine (6). 

The reasons for the analytical limitations of the method were demon- 
strated by a study (6) of the Hunter reaction. First, it was shown that 
under air at 20° the coupling of thymine with the diazo reagent required 
several hours for completion, but that under oxygen at 30° coupling was 
complete in 20 minutes. In either case, however, a certain amount of 
coupling of the diazo reagent with both cytosine and uracil occurred during 
the time required for complete coupling with thymine. Second, it was 
shown that the red color formed by the addition of alkali and hydroxyla- 
mine was transient and that true maximum values of optical density could 
therefore not be determined. The hydroxylamine was shown to be largely 
responsible for color instability. 

In the improved procedure, consequently, the coupling reaction for 
thymine is carried out under pure oxygen. The diazo reagent of Koessler 
and Hanke (7) is employed at twice the concentration used in previous 
procedures (1-5) to insure the complete coupling of thymine, even in the 
presence of cytosine and uracil. A mixture of glycerol and sodium hy- 
droxide solution is substituted for hydroxylamine to give an intense and 
stable red color. The values of optical density of the colors produced with 
cytosine and uracil are nullified by appropriate blanks when these pyrimi- 
dines appear as contaminants in thymine solutions. This modified pro- 
cedure provides a much more reliable method for the quantitative estima- 
tion of thymine. 
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EXPERIMENTAL 
Materials and Solutions 


Oxygen—Tank oxygen, U.S. P., was employed. 

Thymine,! cytosine monohydrate, and uracil! were each recrystallized from 
water three times. The thymine was further purified by sublimation twice 
from the lower to the upper plate of a Petri dish. The lower plate was 
heated slowly and uniformly to 169°, at which temperature thymine began 
to vaporize, and then very slowly to 200° to insure a more complete re- 
covery. The upper plate was kept in contact with a copper beaker filled 
with ice water in order to provide a cold surface for condensation. 

Thymine Stock Solutions—Three sets of thymine solutions were pre- 
pared. Each set ranged in concentration from about 0.005 to 0.120 mg. 
per ml. All solutions in the first set contained pure thymine. Each solu- 
tion in the second contained, in addition to thymine, 0.1 mg. of cytosine 
per ml. Each solution in the third contained, in addition to thymine, 0.1 
mg. per ml. each of cytosine and uracil. 

Sodium Carbonate—24 gm. were made up to 2000 ml. with distilled 
water. 

Sulfanilic Acid Monohydrate—9.0 gm. were suspended in 90 ml. of con- 
centrated (37.4 per cent) HCl and were made up with distilled water to 
1000 ml. 

Sodium Nitrite—50 gm. were made up to 1000 ml. and stored under re- 
frigeration. 

p-Diazobenzenesulfonic Acid—6.0 ml. and 24 ml. of the stock solution of 
sodium nitrite were added to 6 ml. of the stock solution of sulfanilic acid, 
with an interval of 5 to 10 minutes between additions. 5 to 10 minutes 
later the mixture was made up to 100 ml. with cold distilled water. This 
diazo reagent was kept in an ice bath and used between 1 and 48 hours after 
preparation. , 

Glycerol-Alkali—C.p. glycerol was mixed with an equal volume of 6 N 
sodium hydroxide and used immediately. 

Nucleic Acids—The ribose nucleic acid (RNA) was prepared from rat 
liver by E. L. Grinnan of this Laboratory according to his method (8). 
DNA-1 and DNA-2 were sodium salts prepared in this Laboratory from 
calf thymus and rat thymus, respectively, by the Limperos and Mosher 
(9) modification of the Mirsky and Pollister method (10). DNA-3 was 


1 Obtained from the Schwarz Laboratories, Inc., New York, New York. 
2 Obtained from the Republic Laboratories, Chicago, Illinois. 
3 Any concentration of cytosine and uracil greater than 0.08 mg. per ml. may be 


used, since the optical densities of colors produced with these pyrimidines remain 
constant above this concentration. 
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the sodium salt prepared from rat thymus in Dr. A. Dounce’s Laboratory‘ 
by the method of Kay, Simmons, and Dounce (11) and kindly supplied by 
them. 

Proteins and Amino Acids—The gelatin was U.S. P. grade. The his- 
tone was obtained from rat thymus by the Mirsky and Pollister method 
(10) as a by-product in the preparation of DNA-2. It was further treated 
with 10 per cent trichloroacetic acid to remove traces of DNA. The 
amino acids were histidine monohydrochloride’ and tyrosine.® 

Hydrolysis tubes were of the Carius combustion type. Each had a 
length of 200 mm. and inside and outside diameters of 8 and 10 mm. 


Procedure 


Colorimetric Estimation of Thymine—A Klett tube was filled with dis- 
tilled water and sealed with a serum stopper. Oxygen was introduced into 
the tube through one hypodermic needle and the displaced water was 


-simultaneously removed through a second needle. 6.0 ml. of a solution, 


containing 2 parts of a thymine solution and 4 parts of the stock sodium 
carbonate solution, were then added by a calibrated hypodermic syringe, 
followed by 2.0 ml. of the diazo reagent. The reaction mixture was kept 
at 30° for 18 to 22 minutes, during which time a deep yellow color ap- 
peared. 2.0 ml. of a freshly prepared solution, containing 1 part of glyce- 
rol and 1 part of 6 N sodium hydroxide, were then added by syringe to the 
solution of coupled thymine and mixed by shaking. A red color developed 
to a maximum intensity in about 1 hour. The optical density was then 
measured with a Klett-Summerson colorimeter equipped with a No. 52 
filter and adjusted to give a zero reading for the blank employed. 

The blank was prepared with water in place of the thymine solution 
when the solution to be analyzed contained thymine alone, but with 
cytosine or cytosine and uracil when these pyrimidines appeared as con- 
taminants in the solution to be analyzed. The cytosine and uracil solu- 
tions were each employed in concentrations of 0.1 mg. per ml. 

Three separate colorimetric determinations were made for each thymine 
stock solution. The average optical density for each group of three deter- 
minations was plotted against the thymine concentration of the corre- 
sponding standard solution. The resulting curves for pure thymine, thy- 
mine with cytosine, and thymine with cytosine and uracil were each 
resolved into two straight lines intersecting at 0.0555 mg. of thymine per 


4 Department of Biochemistry, School of Medicine and Dentistry, The University 
of Rochester, Rochester, New York. 

5 Obtained from the Nutritional Biochemicals Corporation, Cleveland, Ohio. 

6 Obtained from Merck and Company, Inc., Rahway, New Jersey. 
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ml. From these lines equations were derived which related optical density 
and concentration (Fig. 1). 

Estimation of Thymine in Nucleic Acids—A dry, weighed sample of nu- 
cleic acid or other material was transferred to a Carius combustion tube 
together with 4 ml. of 9 n sulfuric acid. The tube was then sealed in a 
flame and the sample was hydrolyzed at 125-130° for 22 to 26 hours. 
After the tube was cooled and opened, the hydrolysate was transferred 
quantitatively to a 50 ml. centrifuge tube with 16 ml. of distilled water in 
1 ml. portions. 
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Fic. 1. Standard curves and equations for the estimation of thymine. Curve A, 
pure thymine; Curve B, thymine with cytosine; Curve C, thymine with cytosine and 
uracil. Each point represents an average of three determinations. D = colorimeter 
reading (Klett), 7 = thymine concentration. The standard deviation is 0.001 mg. 
of thymine per ml. for thymine concentrations calculated from the equations on the 
figures. 


An excess of solid silver sulfate was added to the hydrolysate in order 
to permit complete precipitation of silver purines. After refrigeration 
overnight the material was centrifuged and the supernatant fluid de- 
canted. The precipitate was washed twice by centrifugation with a cold 
saturated silver sulfate solution which was 1.8 N with respect to sulfuric 
acid. The washings from this process, together with the original superna- 
tant fluid, were transferred to another 50 ml. centrifuge tube. This solu- 
tion, containing the pyrimidine fraction of the nucleic acid hydrolysate, was 
treated twice with hydrogen sulfide in order to remove the excess silver 
ions. After the silver sulfide precipitate had been centrifuged, the com- 
bined supernatant fluid and washings were transferred quantitatively to a 
100 ml. beaker and boiled to remove the excess hydrogen sulfide. 

The solution was cooled and neutralized with solid sodium carbonate. 
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It was then shaken twice with ether in order to remove the aldehydic 
breakdown products of desoxyribose. The aqueous layer was then ad- 
justed to the desired volume, usually 10, 25, or 50 ml., and finally mixed 
with twice its volume of the stock sodium carbonate solution. Three 
6.0 ml. aliquot portions were then taken for colorimetric analysis. The 
concentration of thymine in the DNA hydrolysate was calculated by 
means of the appropriate standard equation (Fig. 1) from the average of 
the three optical densities. 








TaBLe I 
Thymine Determinations by Improved Procedure 
. Total Thymine content of 
sia wee | Uae” | Gymee | mete am 
mg. mg. mg. ber cent 
PMR: .idtats coho tales 0.888 0.891 100.3 + 0.6* 
of ME eT ee ee rer ee 0.888 0.887 99.9 + 0.6 
CLE i Rea erases cine sere 21.32 0.888 0.892 o «#323 
MO. 5 5c BER NS ee 10.14 0.888 0.888 0 +2 
DART os dicen VRE \ deel wiaiS oe 10.41 1.33 1.33 0 +3 
oS eer reer 7.93 0.888 1.51 7.82 + 0.06 
A dajelefslclasiom nel stare ames 41.04 3.18 7.75 + 0.03 
BN oe Secs aisicionn ve eee ere 16.05 0.888 2.03 7.10 + 0.06 
Me RS serait s wanes hoe 10.74 0.768 7.15 + 0.06 
PD Menaitin sda cctv eaaueealees 10.97 0.782 7.13 + 0.06 
Omer rrer ror 0.888 1.91 6.97 + 0.06 
Biba toxccisaaauat occ Date 22.95 1.60 6.97 + 0.05 
ee Ai sleianarrensre eCEOCT Ce 33.41 2.33 6.97 + 0.04 

















* These deviations include the standard deviation from the standard equation 
(Fig. 1) and the volume errors inherent in relating mg. of thymine per ml. to mg. 
of thymine per total volume of sample solution. 


RESULTS AND DISCUSSION 


The improved procedure was found to be valid for the isolation of the 
pyrimidine fraction from DNA and for the colorimetric estimation of thy- 
mine in this fraction. The validity of this procedure was proved by the 
complete recovery of thymine from samples of pure thymine and from 
samples to which thymine had been added (Table I). Thymine could not 
be determined in samples contaminated with tyrosine or tyrosine-con- 
taining histone, since tyrosine, which remained as a contaminant in the 
pyrimidine fraction, couples with the diazo reagent (12). Thymine could 
be determined, however, in samples contaminated with histidine or histi- 
dine-containing gelatin, since histidine, which would also have coupled 
with the diazo reagent to produce color (7), had been removed as the 
insoluble silver salt in the extraction process. 
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The thymine contents of representative samples of DNA (Table I) were 


estimated by this improved method. 


SUMMARY 


An improved colorimetric method has been developed for the quantita- 


tive estimation of thymine in hydrolysates of desoxypentose nucleic acids, 


ar wn 


oon 


BIBLIOGRAPHY 


. Hunter, G., Biochem. J., 30, 745 (1936). 

. Woodhouse, D. L., Biochem. J., 44, 185 (1949). 

. Woodhouse, D. L., Brit. J. Cancer, 3, 510 (1949). 

. Pircio, A., and Cerecedo, L. R., Arch. Biochem., 26, 209 (1950). 

. Day, E. D., Fletcher, D. C., Naimark, G. M., and Mosher, W. A., J. Aviation 


Med., 22, 316 (1951). 


. Day, E. D., Dissertation, University of Delaware (1952). 

. Koessler, K. K., and Hanke, M. T., J. Biol. Chem., 89, 497 (1919). 

. Grinnan, E. L., and Mosher, W. A., J. Biol. Chem., 191, 719 (1951). 

. Limperos, G., and Mosher, W. A., Am. J. Roentgenol. and Radium Therap., 68, 


691 (1950). 


. Mirsky, A. E., and Pollister, A. W., J. Gen. Physiol., 80, 117 (1947). 
. Kay, E. R. M., Simmons, N. S., and Dounce, A. L., J. Am. Chem. Soc., 74, 1724 


(1952). 


. Hanke, M. T., and Koessler, K. K., J. Biol. Chem., 60, 235 (1922). 








re 


1s, 


on 





XUM 


THE PROTEINS OF GREEN LEAVES 


IV. A HIGH MOLECULAR WEIGHT PROTEIN COMPRISING A LARGE 
PART OF THE CYTOPLASMIC PROTEINS* 


By 8S. J. SINGER,{ LUTHER EGGMAN, JEAN M. CAMPBELL, anp 
SAM G. WILDMAN}{ 


(From the Gates and Crellin Laboratories of Chemistry and the Kerckhoff Laboratories 
of Biology, California Institute of Technology, Pasadena, California) 


(Received for publication, November 23, 1951) 


Previous work has shown that the soluble cytoplasmic proteins comprise 
about 30 per cent of the total protein contained in spinach and tobacco 
leaves (1, 2). Thus, on a dry weight basis, the cytoplasmic proteins con- 
stitute in the neighborhood of 10 per cent of the total dry matter of the 
leaf, including cellulose. In an attempt to resolve the soluble proteins 
present in leaf cytoplasm, resort was made to electrophoretic analysis. 
The results indicated that most of the cytoplasmic proteins migrated as a 
single boundary under the conditions studied. Although the shapes of 
the scanning patterns were sufficiently asymmetrical to suggest some 
heterogeneity among the cytoplasmic proteins, nevertheless the impression 
was gained from electrophoresis and other experiments that a substantial 
portion of the soluble cytoplasmic proteins consisted of a single protein 
component with respect to mobility. 

Ultracentrifugal analysis, however, achieved better resolution of this 
mixture, and examination by this method of the cytoplasmic proteins ex- 
tracted from several species of plant leaves reveals clearly the presence of 
a high molecular weight component comprising from 23 to 50 per cent of 
the total cytoplasmic proteins in each of the cytoplasms investigated. 
Moreover, the behavior of this component during ultracentrifugation sug- 
gests a high degree of homogeneity, with respect to molecular weight. 
It therefore appears that an appreciable part of the total dry weight of the 
leaf can be considered as consisting of a single kind of protein, which, in 
accord with our previous usage, we shall call Fraction I protein. A pre- 
liminary report of this work has been presented (8). 


* This work was supported in part by grants from the United States Public Health 
Service and The National Foundation for Infantile Paralysis, Inc. 

+ Present address, Chemistry Department, Yale University, New Haven, Con- 
necticut. 


t Present address, Botany Division, University of California at Los Angeles. 
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Methods and Materials 


Plant Material—All plants, except spinach (Spinacia sp.) which was 
procured from a local market, were grown under greenhouse conditions. 
Turkish tobacco (Nicotiana tabacum), Nicotiana glutinosa, tomato (Lyco- 
persicum esculentum), and cocklebur (Xanthium pennsylvanicum) were 
grown in sand culture and watered with a nutrient solution. Cuba white 
tobacco (a variety of N. tabacum), pea (Pisum sativum), and gherkin (Cu- 
cumis anguria) were grown in the Earhart air-conditioned laboratory under 
controlled conditions previously found optimal for the growth of the par- 
ticular species. The protein preparations were obtained mostly from 
mature, well expanded leaves which were clipped from the plant shortly 
before analysis. Before grinding the tissue, the midribs and petioles were 
removed as far as practical and the proteins were obtained mainly from 
the lamina. 

Fractionation of Leaf Protoplasm—The fractionation methods used were 
very similar to those described previously (2). To prevent the precipita- 
tion of the cytoplasmic proteins by the acid conditions which frequently 
arise from the mixing of vacuolar contents of the cell with the cytoplasm, 
2 parts by weight of leaves were disrupted in 1 part of 0.5 m KOH-maleate 
buffer, pH 7.0, resulting in an extract of cell-free protoplasm at pH 6.7 to 
6.8. The only departure from work previously published was to replace 
the freezing and thawing step prior to a low speed centrifugation by cen- 
trifugation for 1 hour at 25,000 r.p.m. in the No. 30 head of a Spinco model 
L preparative ultracentrifuge. The supernatant solution was a clear, dark 
amber color and completely free of opalescence. It should be empha- 
sized, however, that rapid freezing in itself has no obvious deleterious effect 
on the solubility behavior of the cytoplasmic proteins prepared in neutral 
buffer, and comparison of samples of frozen and thawed cytoplasmic pro- 
teins with identical unfrozen samples by examination in the analytical 
ultracentrifuge and in the electrophoresis apparatus revealed no differences 
in the patterns obtained. 

Yield of Protein Constituents in Leaves—The distribution of the total 
protein between particulate matter and cytoplasm for the species of leaves 
used in this investigation is shown in Table I, and is similar to the results 
previously reported for spinach and tobacco (1, 2). Since in all cases a 
significant portion of the total dry matter was extracted as a cell-free juice 
by the colloid milling procedure, and since it has been shown! that this 
procedure extracts 90 to 95 per cent of the soluble non-protein nitrogen 
and a similar proportion of the trichloroacetic acid-precipitable nitrogen 
from the leaves, and that the percentage of the cells disrupted is of the 


1 Eggman, L., unpublished results. 
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same order of magnitude (1), it can be assumed that these analyses are 
representative of the distribution of proteins in the leaf. 

Ultracentrifugal and Electrophoretic Analysis—The samples, usually con- 
taining from 0.7 to 2.2 per cent protein, were dialyzed at 4° against 0.1 
ionic strength buffers prior to ultracentrifugation. All ultracentrifuge ex- 
periments were performed between 20-25°, and the temperature during 
any one experiment was maintained to within +1°. 

The electrophoresis experiments were carried out at 1.3° in the Tiselius 
apparatus modified by Swingle (4), and, prior to analysis, the samples were 
equilibrated against the appropriate buffer by dialysis at 4°. 


TaBLe [ 


Yield of Particulate Proteins and Soluble Cytoplasmic Proteins from Leaves 
of Various Plants 














| Dry — Per cent of dry| Particulate Cytoplasmic 
se tt teins, teins, 
Plant species | telah weetght of | exttacten ae | “cant taal | core tol 
| lamina cell-free juice dry weight dry weight 
OST Co) Se =? 5s eid 13.2 38.5 13.1 | 6.7 
MMPI hrrpciscek Sora as kee 13.3 49.7 21.5 | 8.4 
LL a | 13.1 53.2 20.2 9.1 
N. glutinosa..............eeeee: 10.3 62.8 nn 
TS ee 12.6 63.1 25.8 | 8.5 
0 Tr ee 3 Se 15.0 45.3 11.4 | 7.5 
| 





*See the text for scientific names. 





EXPERIMENTAL 


Ultracentrifugal Analysis of Cytoplasmic Proteins of Various Plant Leaves 
—The ultracentrifuge patterns of the cytoplasmic extracts of the leaves of 
various species are strikingly similar. Examples of these patterns are 
reproduced in Fig. 1. Three peaks may be discerned in several of the dia- 
grams. The most rapidly sedimenting peak, having a sedimentation con- 
stant of about 25 §, is usually present to a small extent, if at all. The 
next peak, with a sedimentation constant of about 18 S, is present prom- 
inently in all of the samples, constituting from 23 to 50 per cent of the 
total protein as measured from the areas in the diagrams (Table II), and 
the symmetry which is exhibited by this peak during the course of an ex- 
periment suggests that the protein component responsible for it is homoge- 
neous with respect to molecular weight. More extensive investigation 
of this point, to be described in a future publication, confirms that this 
protein is ultracentrifugally homogeneous and has a molecular weight of 
about 600,000. The third peak, with a mean sedimentation constant 
of about 4S, apparently represents all the other proteins in the cytoplasmic 
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extracts and is very heterogeneous ultracentrifugally. We shall refer to 
this last class of components collectively as Fraction II. 

Electrophoretic Behavior of Cytoplasmic Proteins of Various Plant Leaves 
—As an extension of results previously published for spinach, Turkish 
tobacco, Havana 38 tobacco, cucumber, and chinese cabbage (5), the elec- 
trophoretic behavior of the cytoplasmic proteins extracted from the leaves 
of tomato, N. glutinosa, pea, gherkin, and cocklebur has been investigated. 


Twirenre 
Ave \On 
aL AL, 


Fic. 1. Representative analytical ultracentrifuge patterns of the cytoplasmic 
proteins from various green leaves. The concentrations of proteins are in the range 
0.7 to 2.0 per cent. These diagrams would typically be obtained about 1200 seconds 
after the rotor speed of 50,220 r.p.m. was attained. Sedimentation proceeds to the 
right. <A, L. esculentum (tomato); B, N. glutinosa; C, N. tabacum var. Turkish; D, 


C. anguria (gherkin); HE, Xanthium sp.; F, Spinacia sp. (spinach); G, N. tabacum 
var. Cuba white; H, P. sativum (pea). 


Shown in Fig. 2 are representative scanning patterns obtained after elec- 
trophoresis of the cytoplasmic proteins extracted from pea and gherkin 
leaves. In accordance with our previous results, each cytoplasm is char- 
acterized by the fact that a large part of the total protein migrates beneath 
a single peak. That the cytoplasmic proteins appear to be more homoge- 
neous electrophoretically than those observed in the ultracentrifuge prob- 
ably results because some of the proteins in Fraction II have mobilities 
very close to that of Fraction I protein. Electrophoretic studies at pH 
values appreciably different from 7 are limited by factors to be discussed 
below. The electrophoretic data will be treated more extensively else- 
where (6). 
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Effect of pH on Solubility of Fraction I Protein—It may seem surprising 
that Fraction I protein, with its characteristic sedimentation behavior, 
and constituting so large a fraction of the cytoplasmic proteins, has not 


TaBLeE IT 


Sedimentation Constants and Content of Fraction I Protein in Whole Cytoplasmic 
Extracts of Green Leaves 








wenn — "Fraction 1 | Fraction T 
N. tabacum var. Turkish....... Cac-NaCl,ft pH 6.9, 0.1 x 18.4f 39t 
2 - “Cuba white..| Maleate, pH 7.0, 0.5 m 16 30 
ME MUNENOSO 5 oOo OSL see coker Cac-NaCl, pH 6.9, 0.1 » 19 40 
ATID 55 823 5.00 Decrees: 0 Me ee s “ 6.9, 0.1 “ 16 33 
“SL OG) A neeereee See: fry Maleate, pH 6.9, 0.5 m 16 28 
| Nee PRI Soe So si “ 7.0, 0.5m 18 43 
RUBEN ELS 2550 55053 '2-asdle ove Siaia I Cac-NaCl, pH 6.9, 0.1 » 16 50 
ARE EONE 9 0s aac ic ons Saenleteebieae Maleate, pH 7.0, 0.1 u 19 23 














* See the text for scientific names. 
t Cac = cacodylic acid: 
t Average of twenty independent experiments. 








desc. 


‘ GHERKIN 7 


Fic. 2. Representative electrophoretic diagrams of the cytoplasmic proteins from 
pea (P. sativum) and gherkin (C. anguria) leaves. All analyses performed in 0.1 
ionic strength KOH-maleate buffer, pH 7.0. Time of migration, 120 minutes at a 
potential gradient of 4.85 volts per cm. for gherkin and 4.26 volts per cm. for pea. 
The arrows indicate starting positions; asc., ascending limb; desc., descending limb. 


previously been described. One of the reasons may be that Fraction I 
protein is precipitated in the presence of a weakly acid (pH 6.0) me- 
dium. This is demonstrated by the following experiment. A sample of 
Turkish tobacco cytoplasmic proteins was prepared as described above, 
and precautions were taken to maintain the solution at pH 7.0 during all 
grinding and centrifuging procedures. After preliminary dialysis in a buf- 
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fer at pH 7.0, the sample was divided into three parts and dialyzed for 24 
hours against buffers at pH 8.5, 6.9, and 6.0. The solutions at pH 8.5 
and 6.9 remained perfectly clear. The solution at pH 6.0, however, be- 
came cloudy. The three samples were then centrifuged at 20,000 x g 
for 1 hour in a Servall SS-1 type centrifuge. No material sedimented 
from the preparations at pH 8.5 and 6.9, but in the sample at pH 6.0 
an appreciable sediment was removed. The supernatant fluid from this 
centrifugation, along with the other two samples, was then examined in 
the ultracentrifuge (Fig. 3). The patterns obtained with the solution at 


i de 


pH=85 


NWI 


pH=69 


ha Vai ve 


pH=6.0 
Fig. 3. Analytical ultracentrifuge patterns showing the effect of pH on the com- 
position of Turkish tobacco cytoplasmic proteins. The time in seconds after reach- 
ing 50,220 r.p.m. is 720, 1200, and 1800 for the sequence at pH 8.5, and 600, 1200, and 
1800 for the sequences at pH 6.0 and pH 6.9. Sedimentation proceeds to the right. 














pH 8.5 and 6.9 are very similar with regard to the areas occupied by 
Fraction I and Fraction II. In contrast, however, there is a marked de- 
crease in the Fraction I area, but not in Fraction II area, in the sample 
dialyzed at pH 6.0. The sediment removed from this sample by centri- 
fuging prior to analysis was apparently derived almost entirely from 
Fraction I protein, and, at a pH more acid than 6.0, the Fraction I pro- 
tein may be completely, and irreversibly, precipitated. 

Some earlier attempts to extract the proteins of leaves undoubtedly re- 
sulted in extracts which were below pH 6.0, since no buffer was used and 
the plant juice as it is obtained directly is often quite acid, depending on 
the species of leaf used in the preparation of cytoplasmic protein. It is 
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possible that in such extractions all of the Fraction I protein might have 
been precipitated and discarded with the insoluble material of the leaf. 

Characterization of Fraction I Protein—Experiments concerned with the 
isolation and physicochemical and chemical characterization of Fraction I 
protein will be reported in a forthcoming publication. These results in- 
dicate this protein to be a nucleoprotein containing about 5 to 15 per cent 
of nucleic acid. As yet, no, enzymatic activity has been definitely as- 
signed to the Fraction I protein, and its function in the cell is at present 
undetermined. 


SUMMARY 


Extracts of cytoplasmic protein from the leaves of a number of species 
of plants representing five different plant families have been prepared by 
a method involving the colloid milling of the leaves in the presence of a 
neutral buffer. These extracts have been examined ultracentrifugally and 
electrophoretically. The protein spectrum is strikingly similar in each. 
In particular, an apparently homogeneous protein is present which con- 
stitutes 23 to 50 per cent of the total cytoplasmic proteins. This protein 
is precipitated in weakly acid media (pH 6.0), which probably accounts 
for its not having been detected previously. Although its presence in such 
large quantity suggests that this protein plays an important part in the 
economy of the leaf cell, its function is as yet undetermined. 
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THE NUCLEIC ACIDS OF SOME STRAINS OF TOBACCO 
MOSAIC VIRUS 


By C. A. KNIGHT 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, February 4, 1952) 


Investigation of the protein compositions of highly purified preparations 
of eight strains of tobacco mosaic virus revealed that each strain possesses 
a characteristic composition which in several instances could be demon- 
strated to differ significantly from that of the other strains (1). The 
differences found consist mainly of altered proportions of certain amino 
acids, but it was also found that one of the strains, HR, contains two 
amino acids, histidine and methionine, apparently absent from the other 
strains examined, including common tobacco mosaic virus (TMV). It 
was concluded therefrom that mutation of tobacco mosaic virus can be 
accompanied by changes in the amino acid content of the virus. 

Since these strains of TMV are nucleoproteins, it is obvious that muta- 
tion in the virus might be associated with changes in the nucleic acid com- 
position as well as with changes in the protein composition. From pre- 
vious results of phosphorus and pentose analyses (2), it would appear that 
all of the strains contain the same quantity and type of nucleic acid; 
namely, about 6 per cent of pentose nucleic acid. However, changes in 
the composition of the nucleic acid might occur during virus mutation 
without such changes being reflected in the total amount of nucleic acid. 

In the present investigation, the molar proportions of the purine and 
pyrimidine bases in the nucleic acids were determined for the strains of 
tobacco mosaic virus on which the amino acid assays had previously been 
made. 

The results indicate that, with the exception of cucumber viruses 3 and 
4, the strains contain the same proportions of purines and pyrimidines. 


Materials and Methods 


Virus Strains—The virus strains employed were those previously de- 
scribed (1). Purified preparations of each virus were obtained from ap- 
propriately diseased Turkish tobacco plants, or cucumber plants in the 
cases of CV3 and CV4, by means of differential centrifugation. The 
final preparations were in aqueous solution. 

Preparation of Nucleic Acid—The method of Cohen and Stanley (3) 
adapted as follows was employed for the preparation of nucleic acid. 

6 ml. of 0.13 m sodium chloride, 0.001 m with respect to Sérensen’s phos- 
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phate (K2HPO,-KH2PO,, 11:5) and at a pH of about 7, were heated in a 
15 ml. conical glass centrifuge tube in a water bath at 100°. To this 
were added 2 ml. of virus solution at a concentration of 30 to 80 mg. of 
virus per ml. The mixture was stirred by being drawn up and down in a 
dropping pipette for about 15 seconds. By this time the mixture had 
reached a temperature of about 100° and heating was continued for | 
minute; the tube was then withdrawn and placed in an ice bath. The 
contents of several tubes were usually pooled and spun at 7000 r.p.m. in an 
angle centrifuge in order to remove coagulated protein. The clear super- 
natant fluid containing the sodium nucleate was dialyzed overnight at 4° 
against 18 liters of flowing distilled water in a Kunitz-Simms (4) rocking 
dialyzer. The ultraviolet absorptions at 260 my of the nucleate before 
and after dialysis were essentially identical, which indicates that no sig- 
nificant quantity of dialyzable nucleic acid material was produced by the 
cleavage method or by subsequent dialysis. The dialyzed nucleate solu- 
tion was concentrated to 0.07 to 0.02 of its volume by pervaporation, and 
the small amount of insoluble matter appearing during concentration, 
together with small quantities of soluble virus fragments, were removed 
by centrifugation at 40,000 r.p.m. (102,000 X g, average) for 1 hour in the 
No. 40.2 rotor of the Spinco model L centrifuge. The clear supernatant 
fluid was lyophilized and the residue was dried to constant weight in a 
drying oven at 110° or in vacuo over P2Os at 78°. 

Various modifications of the above procedure were tried with results 
which may be summarized as follows. Lithium chloride can be sub- 
stituted for sodium chloride. If the final concentration of salt is about 
0.1 M, coagulation of the denatured protein seems to be greatly aided by 
the presence of a small amount of phosphate, but if a salt concentration 
in the neighborhood of 0.3 m is used, the phosphate is dispensable. In 
tests with up to 1 m of sodium chloride, the yields of sodium nucleate were 
found to diminish above 0.3 M, owing probably to the rapid coagulation of 
virus before cleavage of the nucleic acid. Presumably for the same reason, 
salts of polyvalent metals, such as magnesium or aluminum chloride, gave 
low yields of nucleate. Heating times from 15 seconds up to 10 minutes 
at 100° were investigated and it was found that 1 minute was optimum, 
the yield of nucleate being virtually quantitative at this point. The yield 
of nucleate was greatly reduced when, owing to the size and shape of the 
reaction vessel or to a diminution of the heating, the temperature within 
the reaction mixture failed to rise above 99°. Hence, the optimum tem- 
perature seems to be about 100°, although temperatures higher than 100° 
were not studied, and the critical temperature between 96-100° was not 
ascertained. The concentration of virus in the heated mixture affected 
the cleavage, as previously noted by Cohen and Stanley (3). Moreover, 
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when the concentration was high, there appeared to be more nucleoprotein 
in the final preparation than when the final virus concentration did not 
exceed 20 mg. per ml. of salt-virus mixture. 

Partial Characterization of Nucleic Acids—Preliminary studies on vis- 
cosity, sedimentation, and electrophoretic behavior of TMV nucleate 
preparations were made by Dr. H. K. Schachman. The intrinsic vis- 
cosities, calculated for eight preparations of TMV nucleate obtained under 
a variety of conditions, ranged from 46 to 254. The reason for this varia- 
tion is not at present clear. However, there is some indication that the 
state of aggregation of the nucleate is sensitive to the time of heating and 
salt concentration used in its preparation. The sedimentation results 
were also suggestive of aggregation or disaggregation phenomena. In 
some cases single and in others double boundaries were observed and the 
corresponding sedimentation constants ranged from 2 to 12 s. An elec- 
trophoresis run was made on one preparation (intrinsic viscosity, 88) at a 
concentration of 7 mg. per ml. in 0.08 m sodium chloride-0.02 m sodium 
veronal at pH 7. A single boundary was observed and the electrophoretic 
mobility calculated from the descending boundary was —12 X 107° cm. 
per second per volt per cm. 

Preliminary observations by Dr. R. C. Williams with the electron micro- 
scope have thus far failed to reveal particles which could be identified as 
the nucleate. Occasionally, a piece of virus rod was observed, but such 
material was estimated to comprise less than 1 per cent of the preparation. 
Investigations of the physicochemical properties of the nucleate are being 
continued and the results will be reported in detail later. It should be 
noted that the lack of understanding of the physical nature of the TMV 
nucleates has little bearing on the significance of the analytical data re- 
ported herein. 

Tests for contamination of the nucleate with protein were made by 
subjecting hydrolysates of the material to paper chromatographic and 
microbiological tests for amino acids. No definite amino acid spots were 
detected in the paper chromatography under conditions which should have 
revealed them, had there been 2 per cent of protein in the original nucleate 
preparation. Likewise, microbiological assays for eleven amino acids 
known to be present in TMV in substantial amounts were negative, ex- 
cept that the results did not exclude the possible presence of traces of 
arginine. 

Determination of Purines and Pyrimidines—Several methods of hydrol- 
ysis were tested, but the one which gave the most reproducible results was 
that of Smith and Markham with n hydrochloric acid at 100° for 1 hour 
and a concentration of nucleic acid of 10 mg. per ml. (5). This method of 
hydrolysis is reported to liberate the purines quantitatively and to give 
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the pyrimidines mainly in the form of their nucleotides together with an 
almost negligible amount of nucleosides. In chromatography of such 
hydrolysates of TMV and strain nucleates, only four spots were observed 
corresponding exactly with standard samples of adenine, guanine, cytidylic 
acid, and uridylic acid. 

Hydrolysates were placed on Whatman No. 1 paper with a micropipette 
in 20 yl. quantities. Application was made in such a way as to give a 
rectangular spot about 0.5 X 5 cm. This insured against excessive local 
concentration of poorly soluble material such as guanine. Separation of 
the components was effected by ascending chromatography employing 70 
per cent tertiary butanol-water which was 0.8 nN with respect to hydro- 
chloric acid (5). 

After chromatography, the papers were dried at room temperature in a 
current of air, and the rectangular spots were located by their absorption 
of ultraviolet light. Either a Mineralight lamp, model R51, or an appara- 
tus with two General Electric 15 watt germicidal lamps and Corning red- 
purple Corex No. 9863 filters was used as a light source. The latter ar- 
rangement was suggested to us by Mr. William Stepka. 

The spots on the chromatograms and blanks from corresponding levels 
were cut out and each was extracted by being shaken for 2 hours in 5 mil. 
of n hydrochloric acid at 39°. Tests with standard samples indicated 
that the 2 hour extraction period provides a margin of safety of an hour 
or more with amounts of free base up to 25 y or of nucleotide up to 40 y. 
The optical densities of the eluted solutions were read in a Beckman spec- 
trophotometer with the appropriate extract of a paper blank to adjust the 
instrument to zero. , 

The amount of base or nucleotide in the sample was determined by re- 
ferring the optical density readings to a standard curve. The standard 
curve was constructed from the data obtained by chromatography of the 
appropriate base or nucleotide at five concentrations. In each case the 
curve was linear, and the relationship between it and each set of analyses 
was ascertained by including an analysis of a standard mixture with each 
lot of unknowns. To test for impurities, the bases and nucleotides used as 
standards were chromatographed in concentrations up to 60 and 100 7, 
respectively, and in each case only the single expected spot was observed. 
No correction of the analytical values was made for the small amount of 
hydrolysis of pyrimidine nucleotides reported by Markham and Smith 
(6); and the present analytical methods do not, of course, take into account 
the possibly different extinctions of the a and b isomers of the nucleotides, 
should these be present. The proportions of pyrimidines present were 
calculated from the values for the nucleotides. The molar extinction 
coefficients observed with our standards as taken from chromatograms 
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were as follows: adenine, €20 = 12.7 X 10°; guanine, ex = 11.4 x 108; 
cytidylic acid, €29 = 13.3 X 10°; uridylic acid, 0 = 10.6 X 10%. Co- 
efficients calculated from readings taken directly on the standard solutions 
without chromatography were very similar to those just listed, and all of 
them agree with the values used by Markham and Smith (6). 

Owing undoubtedly to the presence of small but variable amounts of 
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Proportions of Purines and Pyrimidines in Pentose Nucleic Acids Obtained from Some 
Strains of Tobacco Mosaic Virus* 

















. Prep- Molar proportions calculated to total 4 
Strain aration 
No. Adenine Guanine Cytosine Uracil 
TMV 1 1.16 1.01 0.75 1.05 
. 2 1317 1.02 0.74 1.06 
“3 3 1.20 1.02 0.73 1.04 
a a 1.21 (1.19) 0.98 (1.01) 0.75 (0.74) 1.05 (1.05) 
M 1 to | 1.02 0.79 1.04 
i 2 1.18 (1.18) 1.07 (1.05) 0.74 (0.77) 1.02 (1.03) 
Ji4D1 1 1.18 1.01 0.76 1.06 
‘4 2 1.21 (1.20) 1.00 (1.01) 0.72 (0.74) 1.08 (1.07) 
GA 1 1.15 1.03 0.76 1.06 
= 2 1.19 (1.17) 1.05 (1.04) 0.77 (0.77) 1.01 (1.04) 
YA 1 1.19 1.03 0.75 1.04 
es 2 1.18 (1.19) 1.01 (1.02) 0.73 (0.74) 1.07 (1.06) 
HR 1 1.14 1.08 0.70 1.10 
4 2 1.20 1.02 0.74 1.04 
3 1.17 (1.17) 1.00 (1.03) 0.72 (0.72) 1.10 (1.08) 
CV3 1 1.03 1.03 0.73 1.21 
yy 2 1.02 (1.03) 1.01 (1.02) 0.72 (0.78) 1.24 1.23) 
CVv4 1 1.05 1.02 0.76 1.17 
oe 2 1.01 (1.03) 1.03 (1.03) 0.77 (0.77) 1.19 (1.18) 














The figures in parentheses are the averages of those in the respective groups. 


* Each value throughout the table represents the average of three or four repli- 
cate analyses of a given preparation. 


salt, protein, and possibly water, some of the earlier TMV nucleate prep- 
arations analyzed in this study differed appreciably among themselves 
with respect to ultraviolet absorption at 260 my and phosphorus content. 
For this reason, the results are reported here in terms of molar proportions 
of the bases (5) rather than in terms of percentage composition, although 
the methods of preparation described above yield nucleates suitable for 
comparative proximate analyses. The results of such analyses will be 
reported at a later date. 

The molar ratios of the bases in the nucleic acids of several strains of 
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tobacco mosaic virus are shown in Table I. Standard deviations cal- 
culated for the TMV values were in the neighborhood of 0.02. Since the 
values for the strains are in general within two standard deviations of the 
TMV values, it is clear that, with the exceptions of CV3 and CV4, no dis- 
tinctions in composition can be made from the present data. However, 
it is apparent that the nucleates of CV3 and CV4 contain significantly less 
adenine and more uracil than the other nucleates analyzed. 

In addition to the analyses made on the nucleates, some analyses were 
made on the intact nucleoproteins. For this purpose, portions of the same 
preparations which had been analyzed for amino acids (1) were subjected 


Tas_e II 
Proportions of Purines and Pyrimidines in Some Strains of Tobacco Mosaic Virus 
Found upon Analysis of Whole Nucleoproteins 

















Molar proportions calculated to total 4 
Strain* -_* 

Adenine Guanine Cytosine Uracil 
201, Caples Sie ALA PRE A sed neta Re 1,12 1.03 0.78 1.05 
BV scene Ma ssh Gas oe ESOS 1.10 1.00 0.82 1.10 

CEE) ERE ae cea Go cL ee 1.15 0.95 0.85 ‘ 
SEES SS. ee vie Beets trae <4 ae 1.08 0.98 0.81 Ful 
ENA EERE CTS RR AR 2 Seg 1.12 1.00 0.81 1.08 
MIM aro oS ao on oS es See es 1.13 1.00 0.83 1.04 
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NOW £8 BP Soi eee Aes Roe. 1.07 1.00 0.76 1.18 

















* One preparation of each strain was analyzed, and each value throughout the 
table represents the average of three or four replicate analyses of a given preparation. 


to the same hydrolytic and chromatographic conditions described above, 
except that concentrations of 100 mg. per ml. were used. The results of 
these determinations are shown in Table II. It was found with these 
viruses that efficient hydrolysis of the nucleic acid, starting with whole 
nucleoprotein, is technically difficult, owing to the high ratio of protein to 
nucleic acid and the insolubility of the protein in n hydrochloric acid. 
Hence the results obtained are considered less reliable than those obtained 
on the isolated nucleates. Furthermore, fewer analyses were made on the 
whole nucleoproteins.. Nevertheless, the results given in Table II agree 
sufficiently well with those in Table I to corroborate them in a general way. 


DISCUSSION 


The main object in the investigation of the chemical compositions of 
strains of tobacco mosaic virus is to discover, if possible, a chemical basis 
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for the different biological properties possessed by strains of a virus. In 
other words, what happens to a virus chemically when it mutates? The 
answer to this question might also prove to be the key to the mechanism 
of virus reproduction, since in its simplest terms mutation is a discon- 
tinuous alteration of the reproductive process. 

The comparison of protein compositions of strains of TMV (1) demon- 
strated that mutation can be accompanied by changes in the proportions 
or kinds of amino acids in the virus protein. Whether such easily detected 
chemical changes accompany each mutational step or result only from a 
series of mutations was not shown, nor was it possible to demonstrate 
directly that the chemical changes found were responsible for the dis- 
tinctive biological properties of the strains examined. Moreover, three 
pairs of strains were encountered which seemed to have identical protein 
compositions, although the symptoms caused by each member of a pair 
were distinctly different from those of the other member. These pairs, 
each of which differs in protein composition from the other two pairs, 
were TMV and M, GA and YA, and CV3 and CV4. The recognition of 
this situation focused attention on possible differences in composition of 
the nucleic acid components of the strains. 

The present results indicate that the nucleic acids of TMV strains may 
have identical compositions. At least, this seems to be true for six of the 
eight strains analyzed. CV3 and CV4, which are only provisionally 
accepted as being strains of TMV, were found to be exceptions. The 
nucleic acids of these strains appear to have identical compositions but to 
differ from those of the other strains by containing less adenine and morey 
uracil. As a logical sequence to the study of compositions of the nucleic 
acids, investigations should be made, when the methods become available, 
of possible structural variations in the nucleic acids (sequence of nucleo- 
tides, branching, etc.). 

It might be suggested, on the basis of the analysis of the three pairs of 
strains mentioned above, that viral strains may have identical composi- 
tions and yet differ in biological properties. In such cases, the essential 
distinction between strains would be presumed to lie in subtle structural 
differences. Obviously, this hypothesis necessitates the assumption that 
significant differences in composition will not be found in these cases when 
more refined analytical tools are applied. This assumption is probably 
unwarranted at present, for the analytical methods employed in the pro- 
tein analyses, for example, could not be relied upon to establish unequiv- 
ocally a distinction between two strains which differed in amino acid con- 
tent by less than five per cent. When it is considered that the strains 
analyzed possess a molecular weight of about 50,000,000, it is apparent 
that discrepancies in composition of several hundred amino acid residues 
could escape detection. A similar argument might be applied in lesser de- 
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ree to the nucleic acid analyses. It has been stated that, with refine. 
ment of technique, an over-all accuracy of the order of +1 per cent can be 
achieved in the analysis of ribonucleic acids (6). 

It is clear from the above that a wholly unequivocal explanation of the 
chemistry of virus mutation cannot yet be made. Nevertheless, it is 
possible to suggest a hypothesis which is consistent with the experimental 
results and which can serve as a basis for further experimentation. In 
this hypothesis, it is proposed that mutation of tobacco mosaic vitus is 
accompanied by a change in composition of the protein, and, conversely, 
that the nucleic acid remains essentially constant in composition through 
many mutations. Hypothetically, the magnitude of the change in protein 
per mutation can vary from a few hundred to several thousand residues of 
affected amino acid, and it is assumed that trivial differences in com- 
position, z.e. differences involving only a few residues, would have no 
biological significance. Hence it is believed that postulated, but as yet 
undetected, differences between the proteins of some of the strains will be 
found when the precision of the analytical methods is improved from the 
present 5 to 10 per cent level to about .1 per cent. 

On the basis of this hypothesis, it is necessary to exclude CV3 and CV4 
from classification as strains of TMV, since their nucleic acids differ from 
those of the other strains. Such discrimination gains support from the 
observations that the size of the particles and the host range of CV3 and 
CV4 differ significantly from TMV and the other strains studied (7, 8). 

It should be noted that Markham and Smith have analyzed nucleic 
acids of five strains of TMV (9). Only two of our strains, CV4 and HR 
(cucumber 4 and rib-grass), can probably be considered identical with 
the strains examined by them. Their analytical results for TMV nucleate 
differ significantly from the values for their other strains and from ours, 
and it may eventually be necessary to modify the hypothesis proposed 
above accordingly. At present, however, it should be emphasized that 
the analytical results for six of our strains of TMV agree remarkably well 
with those of three strains of Markham and Smith, and the values for CV4 
agree with their findings for this virus. 


The chromatographic analyses in this study were performed by Mr. 
George Nakamura. 


SUMMARY 


Nucleic acids were isolated from six accepted and two provisional strains 
of tobacco mosaic virus and analyzed for their content of purine and 
pyrimidine bases by paper chromatography and ultraviolet spectrophotom- 
etry. The molar proportions of the bases in the six accepted strains 
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appear to be identical, but the nucleic acids of the provisional strains, 
CV3 and CV4, were found to contain decidedly less adenine and more 
uracil than the other strains. A tentative hypothesis for the chemical 
nature of mutation in the tobacco mosaic virus series was proposed. 
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THE METABOLISM OF PURINES AND PYRIMIDINES BY 
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(Received for publication, January 7, 1952) 


In order to extend previous studies carried out in this laboratory on the 
metabolism of purines and pyrimidines (1), bakers’ yeast was selected as 
a suitable material for metabolic tracer experiments because of its rapid 
growth and high ribose nucleic acid content. 

When these experiments were begun, the nature of the carbon precursors 
of the uric acid excreted by the pigeon (2, 3) and of the purines of the nu- 
cleic acids of the rat (1) had been established. In addition, the nitrogen 
of glycine had been shown to be a precursor of nitrogen 7 of uric acid in 
man (4), and of the yeast, Torulopsis utilis (5). Recently bacteria have 
been shown to utilize glycine for purine synthesis (6). The réle of pre- 
formed purines in the biosynthesis of the nucleic acid of the rat has been 
studied extensively by Brown and coworkers (7-9). Studies of this type 
have now been extended to yeast (10) by Kerr et al., who have shown both 
adenine and guanine to be utilized by Saccharomyces cerevisiae for nucleic 
acid synthesis. Knowledge of the biosynthesis of pyrimidines remains 
more limited. Heinrich and Wilson (1) showed that CO, is the precursor 
of the ureide carbon of uracil and thymine. Neither formate nor glycine 
was observed to be incorporated into the pyrimidines of the nucleic acids 
of the rat in their experiments. LePage and Heidelberger (11) have also 
failed to find significant incorporation of glycine-2-C™ into pyrimidines. 
The methyl group of thymine has been shown to arise from the 8-carbon 
of serine and the a-carbon of glycine by Elwyn and Sprinson (12). Totter 
et al. (13) have reported the incorporation of radioformate into thymine, 
and a partial degradation indicated that the radioactivity was very likely 
in the methyl carbon. That formate is necessarily the intermediate in the 
transfer of the B-carbon of serine to the methyl group of thymine has been 


* From the dissertation of Mary Edmonds submitted in partial fulfilment of the 
requirements of the Graduate School of Arts and Sciences of the University of Penn- 
sylvania for the degree of Doctor of Philosophy. This study was aided by a grant 
from the American Cancer Society on recommendation of the Committee on Growth 
of the National Research Council. The C was received on allocation from the 
United States Atomic Energy Commission. A preliminary report was given before 
the American Society of Biological Chemists (Federation Proc., 9, 167 (1950)). 
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questioned recently by Elwyn et al. (14), on the basis of their experiments 
with a 2,3-deuterio-3-C-N*-L-serine. The nature of some of the more 
complex intermediates involved in pyrimidine biosynthesis has been studied 
by Hammarsten and coworkers, who first showed that N'*-orotic acid was 
incorporated into the pyrimidines of the nucleic acids of the rat (15). 
Recently Bergstrém et al. (16) have reported that N'-labeled 5-acetyl- 
hydantoin and 5-carboxymethylidenehydantoin (intermediates in the chem- 
ical synthesis of orotic acid described by Nyc and Mitchell (17)) were not 
incorporated into the nucleic acids of rat liver. C'*-Orotic acid has been 
shown to be incorporated in vitro into the pyrimidine nucleotides of rat 
liver slices (18). Utilization of pyrimidine ribosides and desoxyribosides 
for the synthesis of nucleic acids by the rat has also been reported (19, 
20). 

In the experiments to be reported here, four compounds labeled with 
C*, sodium formate, glycine-2-C™, orotic acid-6-C™, and sodium lactate- 
2,3-C“ have been incubated separately with a rapidly growing yeast. 
Purines and pyrimidines were isolated from the yeast nucleic acid, and 
adenine was isolated from the acid-soluble nucleotides of the yeast. In 
certain cases the bases were degraded to locate the position of the C™. 


Methods 


Synthesis of Labeled Compounds—Sodium formate was purchased from 
the Oak Ridge National Laboratory. Glycine-2-C“ was prepared from 
sodium acetate-2-C™“ by its conversion to bromoacetic acid. The bromo- 
acetic acid was heated with hexamethylenetetramine as described by Wend- 
ler (21). By refluxing the addition product that was formed in ethanol 
and HCl, glycine ethyl ester was obtained. Glycine was obtained by 
hydrolyzing the ester in boiling water. Orotic acid-6-C“ was prepared 
from aspartic acid-4-C™“ by the procedure of Nyc and Mitchell (17). So- 
dium lactate-2 ,3-C™ was prepared by the method of Cramer and Kistia- 
kowsky (22) as modified by Sakami et al. (23). 

Yeast—A culture of Saccharomyces cerevisiae was maintained on agar 
slants of the following medium: peptone 0.5 per cent, yeast extract 0.3 
per cent, glucose 1.0 per cent, and agar 1.5 per cent. 

Preparation of Inoculum—The methods used to prepare the yeast inocu- 
lum and to incubate the yeast with the labeled compound were designed 
to fulfil two requirements: (1) to secure enough yeast to permit the chem- 
ical isolation of sizable quantities of the purines and pyrimidines and (2) 
to minimize the dilution of the added labeled substrate with other sub- 
strates already present in the medium or likely to be formed during the 
growth of the yeast. 

To satisfy condition (1) a large inoculum of yeast was developed by a 
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series of 18 hour transfers of the yeast culture from a volume of 10 ml. to 
successively larger volumes. The basal medium was a Williams’ solution 
(24) to which 0.3 per cent yeast extract was added. The yields of yeast 
could be increased by vigorous aeration of the culture. In the medium 
(usually about 6 liters) containing next to the final inoculum, growth was 
further increased by raising the concentration of (NH4).SO, and glucose 
as suggested by Roll et al. (25). The pH was held at 5 by the addition of 
NaHCO; throughout the growth period. Under these conditions growth 
was usually completed in 8 to 10 hours. This yeast to be used as the final 
inoculum was removed from the medium in a Sharples centrifuge and was 
immediately added to the medium containing the labeled compound. 

In order to minimize the dilution of the labeled compound during the 
experiment, the glucose concentration of the medium was kept at the regu- 
lar 2 per cent level. In the lactate experiment the yeast was first adapted 
to grow on acetate. It was thought that if glucose were to serve as a 
source of carbon it could, under aerobic conditions, form intermediates 
similar to those expected from the oxidation of lactate (viz. pyruvate) and 
thus dilute the added labeled lactate. To circumvent such a possibility 
acetate was used as the source of carbon. 

In our experiments a large incorporation of isotope required an incuba- 
tion period of 5 to 12 hours in the presence of an actively growing yeast. 
The low incorporations reported in the first two experiments were sub- 
stantially increased in later experiments by lengthening the incubation 
period of from 1 to 2 hours to anywhere from 5 to 12 hours. 

Isolation of Compounds—At the end of the incubation period the yeast 
was quickly removed from the medium by centrifugation in a Sharples 
centrifuge. The moist yeast was suspended in cold trichloroacetic acid 
(250 ml. per 100 gm. of moist yeast) and was allowed to stand overnight. 
It was filtered through Celite and washed with two small portions of tri- 
chloroacetic acid. After boiling with dilute acid, adenine was removed 
from the extract as the copper salt and was isolated as the picrate. This 
adenine comes largely from adenylic acid and its phosphorylated deriva- 
tives (26). Part of the adenine picrate was then oxidized to carbon diox- 
ide for an analysis for radioactivity. Another portion was suspended in 
absolute acetone and converted to adenine hydrochloride by rapidly bub- 
bling in dry HCl. This adenine hydrochloride was washed with dry ace- 
tone and dissolved in dilute HCl. Any remaining traces of picric acid were 
removed by boiling with Norit. The decolorized solution was concen- 
trated to a small volume and caused to crystallize. The specific activities 
of the adenine obtained as a picrate and as a hydrochloride were always 
in close agreement, which suggested considerable purity and lack of radio- 
active contamination. 
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After removal of lipides, sodium nucleates (without doubt, mainly the 
ribose type) were extracted from the residue by heating in 10 per cent NaC] 
and were precipitated in the cold with ethanol as described by Barnes and 
Schoenheimer (27). The purine and pyrimidine bases were obtained from 
the dried sodium nucleates by methods similar to those described by Plent] 
and Schoenheimer (28) and extended by Heinrich and Wilson (1). The 
purity of the isolated guanine and adenine was established by recrystalliza- 
tion to a constant radioactivity and by the ultraviolet measurements at 
248 and 262 my. Similar methods have been used to identify uracil iso- 
lated in these experiments. No cytosine was recovered and only a faint 
trace of thymine was detected by the Woodhouse test (29). 

Degradation of Guanine—Guanine was degraded as described by Hein- 
rich and Wilson (1). The hydrolysis of guanine gives glycine which is 
derived from carbons 4 and 5 and nitrogen 7 of the purine ring. Oxida- 
tion of guanine with permanganate at pH 1 gives carbon dioxide, urea, 
and guanidine. Guanidine containing carbon 2 was isolated as a picrate. 
The urea formed contains carbon 8, but it may also contain carbons from 
other parts of the molecule, as the work of Cavalieri et al. suggests (30). 
Carbon dioxide is formed from carbons 4, 5, and 6. 

Degradation of Uracil—Heinrich and Wilson (1) have described the oxi- 
dation of uracil with KMnO, to give oxaluric acid and carbon dioxide. 
This oxaluric acid was hydrolyzed with alkali to give urea and oxalic acid. 
The carbon of the urea (carbon 2 of uracil) was released as CO, by urease 
and collected for radioactivity analysis. We do not feel that the CO, 
released by KMnO, oxidation in this degradation is necessarily derived 
from a single carbon of the 3-carbon chain of uracil. The fact that the 
uracil isolated after the incubation of the yeast with a 6-labeled orotic 
acid produced both labeled CO: and labeled oxalate when degraded (see 
Table III) suggests that these latter compounds do not represent specific 
carbon atoms of the 3-carbon chain of uracil. This same degradation has 
recently been reported for a 5-nitrouracil obtained from the uracil of the 
nucleic acid of the rat after feeding labeled sodium bicarbonate (31). The 
oxalate derived from the 5-nitrouracil was assumed to be derived from 
carbons 5 and 6 and the CO, from carbon 4. Whether such an assumption 
is entirely justified will depend on the development of a degradation which 
distinguishes these 3 carbon atoms of uracil unequivocally. 

Measurement of Radioactivity—Measurements of C were made on BaCO; 
samples obtained by the oxidation of the compounds with the wet oxida- 
tion mixture of Van Slyke and Folch (32). Descriptions of the plating and 
counting procedures have been reported (1). All counts were corrected 
to a standard plate of infinite thickness and the actual counts per mg. of 
carbon were converted to counts per mm of carbon. All samples were 
counted to a standard error of 5 per cent or less. 
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Results 


Labeled Formate—Radioactive sodium formate was incubated with fresh 
yeast (see Table I). After the Ist hour respiratory carbon dioxide was 
collected during three successive 15 minute intervals. Slight radioactiv- 
ity of the large quantity of evolved CO; indicated that formate was being 
oxidized. After 2 hours the yeast was removed from the medium and the 
nucleic acid bases and nucleotide adenine were isolated. Under the condi- 
tions of this experiment the extent of incorporation of formate into nucleic 
acid was not great. The incorporation of formate into nucleotide adenine 
was 10 times greater than into nucleic acid adenine. Heinrich and Wilson 
(1) found a 1:1 ratio for the rat. 


TaBLe I 
Incubation with Labeled Formate 


500 mg. of sodium formate (42,000 c.p.m. per mm of carbon) incubated with 175 
gm. of fresh yeast in 7 liters of medium for 2 hours. Yield of wet yeast, 400 gm. 
Total isotope, 3.1 X 10° c.p.m. 
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* The values for C-2 and C-8 are not felt to be significantly different, since the 
urea formed with permanganate degradation may be formed in part from other car- 
bons of guanine. : 


Degradation of the labeled guanine indicated that most of the radio- 
activity was in the guanidine and ureide carbons. No radioactivity was 
detected in the uracil isolated. 

Glycine-2-C'*—Methylene-labeled glycine was incubated with fresh yeast 
(see Table II). After 70 minutes the yeast was removed. Since a large 
fraction of the labeled glycine was left in the supernatant, it was reinocu- 
lated with 10 gm. of moist yeast, which was allowed to grow for 12 hours. 
A sample of CO, collected just before the yeast was harvested showed al- 
most no radioactivity. This agrees with data obtained with the rat (1). 
100 gm. of moist yeast were removed after the 12 hour growth period. 
Incorporation of radioactivity was increased more than 30-fold by ex- 
tending the incubation period to 12 hours. 

In both glycine experiments, as in that with formate, considerably more 
radioactivity was found in the nucleotide adenine than in the nucleic acid 
adenine. 
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Degradation of the labeled guanine showed that the methylene carbon 
of glycine was largely incorporated into carbon 5. A considerable portion 
was also found in the guanidine (carbon 2). This rather large incorpora- 
tion of the methylene carbon of glycine into carbon 2 of guanine is con- 
sistent with the fact that formate is formed from this carbon of glycine. 


TABLE II 
Incubation with Glycine-2-C™ 
660 mg. of glycine-2-C" (115,000 c.p.m. per mm of carbon) incubated with 300 gm. 
of fresh yeast in 7 liters of medium for 1 hour. The yeast (312 gm.) was quickly 
removed and the remaining medium reinoculated with 10 gm. of fresh yeast and 
allowed to grow 12 hours. Yield of wet yeast, 100 gm. Total isotope, 2 X 10° c.p.m. 
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Taste III 


Incubation with Orotic Acid-6-C' 


500 mg. of orotic acid-6-C™ (80,000 c.p.m. per mm of carbon) incubated with 50 
gm. of wet yeast in 4 liters of media for 12 hours. Yield of wet yeast, 175 gm. Total 
isotope, 1.3 X 10° c.p.m. 
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Karlsson and Barker (33) have found the methylene carbon of glycine to 
be incorporated into carbons 2 and 8 of uric acid in the pigeon. 

In neither experiment was radioactivity found in the uracil. This paral- 
lels similar findings of Heinrich and Wilson for doubly labeled glycine fed 
to rats. 


Orotic Acid-6-C—Carbon 6-labeled orotic acid was incubated with 


fresh yeast (see Table III). Purines and pyrimidines were isolated by the 


usual methods. Radioactivity was found in the uracil, but not in the 
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purines. Degradation of the uracil showed nearly all of the radioactivity 
to be in the carbon chain and only a little in the ureide carbon. This large 
incorporation of carbon 6 of orotic acid into uracil confirms similar findings 
of Arvidson et al. (15) with N*-labeled orotic acid fed to rats. 

Lactic Acid-2 ,3-C'*—In order to avoid possible dilution of the labeled 
lactate, as discussed earlier, the yeast was adapted to grow on an acetate 
medium in this experiment by putting it through several transfers on the 
following medium: 0.25 gm. of CaCh, 0.5 gm. of MgSQ,, 2.0 gm. 
of (NH4)2SOu, 2.0 gm. of KH,PO,, 5.0 gm. of yeast extract, and 30 gm. of 
sodium acetate in 1 liter of water. Since this medium tended to become 
alkaline during growth of the yeast, acetic acid was added to keep the re- 
action near neutrality. 

After several transfers a crop of moist yeast was added to this acetate 
medium (see Table IV). After 1 hour the labeled lactate was added and 


TaBLe IV 
Incubation with Lactic Acid-2,8-C™ 


360 mg. of sodium lactate-2,3-C™ (67,000 c.p.m. per mm of carbon) incubated with 
50 gm. of wet yeast in 4 liters of acetate medium for 8 hours. Yield of wet yeast, 
75 gm. Total isotope, 6.45 X 105 c.p.m. 
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the yeast was allowed to grow for 8 hours. 75 gm. of moist yeast were 
isolated and the nucleic acids were obtained in the usual way. 

The carbon of lactate was incorporated into guanine as was expected, 
since Buchanan and coworkers (3) had found it to be incorporated into 
carbons 4 and 5 of the uric acid excreted by the pigeon. The consider- 
ably greater incorporation into uracil was of particular interest, since 
there is no information on the réle of lactate in pyrimidine synthesis. Un- 
fortunately the small recoveries of the nucleic acid bases did not permit a 
degradation of the guanine or uracil. 


DISCUSSION 


Our experiments with yeast in which formate and methylene-labeled 
glycine were used have in general paralleled the work of Heinrich and 
Wilson (1) with rats. We failed, as did they, to observe any utilization of 
the methylene carbon of glycine for the synthesis of uracil (and cytosine), 
in spite of its relatively high utilization for purine synthesis in these ex- 
periments. Glycine would thus appear to be definitely excluded as a 
direct precursor of uracil (or cytosine). 

The much greater incorporation of formate and glycine into nucleotide 
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adenine than into nucleic acid adenine shows that the two compounds are 
not in metabolic equilibrium in yeast. These differences were not ob- 
served in the case of the rat (1). 

The very efficient incorporation of orotic acid into the uracil of yeast 
nucleic acids corroborates the findings of the Hammarsten group for N'- 
labeled orotic acid fed to rats. It also agrees with the relatively high in- 
corporation of orotic acid into uracil observed with slices of rat liver in 
vitro (18). 

In the experiment of Buchanan et al. (3) with 2,3-labeled lactate, in 
which the isotope appeared in carbon 5 and to:a lesser extent in carbon 4 
of uric acid, lactate was thought to be incorporated into purines by way of 
its probable conversion to glycine via serine. Glycine itself was 10 times 
as effective a precursor as lactate in their experiment. A similar explana- 
tion would seem suitable in our work. 

Although the labeled uracil obtained in this experiment was not de- 
graded, it seems likely that the major fraction of the incorporated radio- 
activity is in the non-ureide carbons in light of the following facts: Carbon 
dioxide has been shown to be the precursor of the ureide carbon of uracil 
(1). Thus if the radioactivity of the uracil isolated here were merely the 
result of CO, fixation, guanine should show a similar incorporation of C", 
since CO: is also fixed in purines (1). Also, since carbons 2 and 3 of lactate 
have been shown to be incorporated into carbons 4 and 5 of uric acid (3), 
we could expect a greater incorporation into guanine than into uracil if 
CO, formation from carbons 2 and 3 of lactate were the only route by 
which it could give rise to a labeled uracil. Since uracil was considerably 
more radioactive than guanine in this experiment, it seems reasonable to 
assume that a major fraction of the labeling is in the non-ureide carbons. 
Although the mechanism by which these carbons of lactate enter pyrim- 
idines cannot be predicted from these experiments, it seems likely that it 
might occur by a conversion of lactate to oxalacetate. This latter com- 
pound had already been suggested as a source of the pyrimidine ring by 
Mitchell and Houlahan (34) on the basis of growth experiments with py- 
rimidine-deficient Neurospora mutants. The incorporation of oxalacetate 


into uracil has been observed by Weed and Wilson in their experiments 
with tissue slices.! ; 


SUMMARY 


1. Formate and methylene carbon of glycine were incorporated into 
guanine and adenine of yeast nucleic acid, but not into uracil. 

2. The incorporation of both formate and glycine into nucleotide ade- 
nine of yeast was greater than into nucleic acid adenine. 


1 Weed, L. L., and Wilson, D. W., unpublished results. 
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bis 3. 2,3-Labeled lactate was incorporated into the guanine and uracil of 
ob- the yeast nucleic acid. The incorporation into uracil was considerably 
greater than into guanine. A mechanism for the incorporation of lactate 
a into uracil has been discussed. 
N 4 4, Orotic acid-6-C™ was incorporated into the uracil of the nucleic acid 
—_ of yeast, but not into guanine. 
Yr im 
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STEROIDS DERIVED FROM BILE ACIDS 
XVI. PREPARATION OF 6-DEHYDROCORTISONE 


By VERNON R. MATTOX, EUGENE L. WOROCH, GERARD A. 
FLEISHER, anp EDWARD C. KENDALL 


(From the Division of Biochemistry, Mayo Foundation, Rochester, Minnesota) 


(Received for publication, February 18, 1952) 


When the double bond was introduced in ring A in the preparation of 
cortisone acetate (I) via the 2,4-dinitrophenylhydrazone (1, 2), small 
amounts of 6-dehydrocortisone acetate (IVA) were formed, and it was 
found difficult, if not impossible, to separate this diene acetate from corti- 
sone acetate by crystallization or chromatography. The diene acetate 
did not depress the melting point of cortisone acetate, but the presence of 
the diene was easily detected by the absorption in the ultraviolet region. 
The molecular extinction coefficient of cortisone acetate at 280 mu is 161, 
but that of the diene acetate is 26,900. 

When cortisone was first prepared for experimental use in clinical medi- 
cine by Merck and Company, Inc., it was observed in this laboratory that 
all samples contained traces of the 6-dehydro derivative and that in some 
samples the amount was as high as 4 per cent. At the time that this was 
discovered it was not known whether the diene possessed toxic or other 
properties which would modify the influence of cortisone in patients who 
were under study, and it therefore seemed desirable to devise a method by 
which the diene could be prepared in pure form so that its physiologic 
effect could be determined. This paper describes the conditions which 
were found to be satisfactory for the preparation of the diene in a high 
state of purity and in moderate yield. 

In preliminary experiments it was found that some diene hydrazone 
could be formed either by bromination of cortisone acetate 3-(2 ,4-dinitro- 
phenylhydrazone) in acetic acid or by aeration of a solution of the hy- 
drazone in the presence of hydrogen bromide. However, the product was 
not pure, and the yield was unsatisfactory. 

During the course of the investigation it was found that to remove small 
amounts of cortisone acetate from a sample of the diene acetate was al- 
most as difficult as was the removal of traces of the diene acetate from 
cortisone acetate. This result suggested the preparation of some deriva- 
tive of cortisone which could be isolated free from all traces of cortisone, 
and it was expected that conversion of this intermediate compound into 
the diene would give a product of high purity. It appeared probable that 
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6-bromocortisone acetate (II) would be satisfactory for this purpose, and 
after the expenditure of much effort a method for the preparation of this 
compound was devised. The procedure by which Meystre and Wettstein 
(3) prepared 6-bromotestosterone in carbon tetrachloride with N-bromo- 
succinimide in the dark was not suitable for bromination of cortisone ace- 
tate; the brominating agent was not consumed. At the boiling point of 
carbon tetrachloride and with illumination, bromination of cortisone ace- 
tate proceeded, but the low solubility of the cortisone acetate prevented 
the use of this solvent. In boiling chlorobenzene the steroid and the 
brominating agent were both soluble, but the yield of 6-bromocortisone 
acetate was unsatisfactory. 

A mixture of equal parts of carbon tetrachloride and chlorobenzene pro- 
vided a solvent which was suitable in regard to solubility of cortisone 
acetate and temperature at the boiling point. Small amounts of 6-bromo- 
cortisone acetate were obtained, but for the most part the cortisone ace- 
tate was converted into other products. 

The addition of slightly more than 1 molar equivalent of pyridine pro- 
duced a marked effect on the course of the bromination, and with this 
modification 6-bromocortisone acetate was separated in a yield of 60 per 
cent. A slight excess of N-bromosuccinimide was used, since this reagent 
was slowly destroyed by the solvent. 

The 6-bromocortisone acetate was crystallized several times from ace- 
tone-methanol. The melting point varied so much with the rate of heat- 
ing and state of subdivision that it was useless as a criterion of purity; 
consequently, the product was purified to a constant optical rotation. 
The 6-bromo compound (II) is unstable and begins to darken within a few 
days at room temperature. ‘With boiling y-collidine, hydrogen bromide 
was rapidly removed, but the yield of the diene was low. This method 
of preparation afforded sufficient material to show that the atom of halogen 
was at C-6 rather than at C-2. The configuration of the bromine was not 
determined. 

Djerassi (4) has shown that, when 6-bromo-3-keto-A‘-steroids are treated 
with 2,4-dinitrophenylhydrazine, hydrogen bromide is eliminated and a 
double bond is introduced at C-6:C-7. Treatment of 6-bromocortisone 
acetate (II) with 2 ,4-dinitrophenylhydrazine led to formation of the hy- 
drazone of 6-dehydrocortisone acetate (IIIA) in a yield of 85 per cent. 

Conversion of the 2,4-dinitrophenylhydrazone of the A*®-diene (IIIA) 
to the 3-keto-A‘*-steroid (IVA) proved to be difficult, and a satisfactory 
yield was not obtained. In the presence of pyruvic acid and 0.1 N hy- 
drogen bromide the hydrazone was cleaved almost quantitatively within 
28 hours; however, the yield of the 3-keto diene was only 20 per cent. 
When hydrogen bromide was omitted and the time of treatment was ex- 
tended to 10 days or 2 weeks, the yield was increased to about 45 per cent. 
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and From other work carried out in this and other laboratories it appeared 
this probable that another derivative of hydrazine might serve as well as 2 ,4- 
stein dinitrophenylhydrazine for the elimination of hydrogen bromide and at the 
mo- same time yield a product from which the 3-keto group could be regener- 
ace- ated in good yield (4-6). For this purpose semicarbazide in acetic acid 
it of solution was found to bring about removal of bromine almost quantita- 
ace- tively. However, in acetic acid the yield of the semicarbazone of the 
nted diene was found to vary with the amount of semicarbazide that was used. 
the 
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sted When the semicarbazone was formed in the presence of 12 equivalents of 
da semicarbazide, the maximal absorption was at 273 my. The point of 
sone maximal absorption of the semicarbazone of the diene (IIIB) was at 301 
hy- mu, and the maximum at 273 my indicated that a double bond had not 

, been introduced at C-6:C-7. Presumably substitution at C-6 had oc- 
TA) curred. When only 2 equivalents of semicarbazide were slowly added 
Lory over a period of 1 hour, the double bond at C-6:C-7 was introduced to the 
hy- extent of about 75 per cent, as shown by the extinction coefficient at 301 
thin my. 
ent. Previously it had been observed that with 4-bromo-3-keto steroids an 
ex- increase in the concentration of the acetate ion resulted in formation of a 
ent. large amount of the 4-acetoxy derivative (2, 5). A large excess of semi- 
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carbazide should lead to an increase in the concentration of acetate ion, 
and this in turn may explain the extensive substitution at C-6 through 
addition of the acetoxyl group to a carbonium ion at this position. 

It was thought that substitution at C-6 could be minimized by the use 
of a solvent which did not ionize or one which gave an anion that possessed 
a high order of steric hindrance. Mr. Warren McGuckin in this labora- 
tory found that dioxane, tetrahydrofuran, and ethylene glycol dimethy] 
ether are satisfactory solvents for use in the preparation of cortisone ace- 
tate 3-semicarbazone from its 4-bromo precursor. 

For the preparation of the diene acetate (IVA) a mixture of chloro- 
form and tertiary butyl alcohol was found to be a satisfactory solvent. 
Both 6-bromocortisone acetate and semicarbazide were soluble in this 
medium, and the unsaturated semicarbazone (IIIB) was formed in a yield 
of about 80 per cent. 

Removal of the semicarbazide moiety was readily accomplished by a 
method devised by Mr. Warren McGuckin for the preparation of corti- 
sone acetate. Hydrolysis of the semicarbazone was carried out in 70 per 
cent aqueous acetic acid with p-hydroxybenzaldehyde as acceptor of the 
semicarbazide. The yield from 6-bromocortisone (II) to the 3-keto-A*'- 
diene (IVA) was 67 per cent. 

Removal of the 21-acetate group from IVA was carried out in aqueous 
methanolic hydrogen chloride according to the procedure which has been 
used for the hydrolysis of cortisone acetate (2). Cortisone does not de- 
press the melting point of 6-dehydrocortisone. 

The double bond at C-6:C-7 in 6-dehydrocortisone is readily hydro- 
genated with zinc and acetic acid. Satisfactory conditions for this reduc- 
tion are given in the experimental part of this paper. 

A study of the physiologic activity of the diene has been reported and 
further investigation is contemplated (7, 8). 


EXPERIMENTAL 


The microanalyses were performed in the laboratory of Merck and 
Company, Inc., Rahway, New Jersey, and by Mr. Joseph Alicino, Me- 
tuchen, New Jersey. All rotations were taken in acetone (C~1) unless 
stated otherwise. Melting points were taken on a Fisher-Johns appa- 
ratus. The ultraviolet absorption spectra were determined with a Beck- 
man quartz spectrophotometer. All solutions which had been washed 
with water were dried by filtration through a pad of anhydrous sodium 
sulfate, and concentrations were carried out under reduced pressure. 
The infra-red spectra were taken on a Perkin-Elmer spectrophotometer 
model 12 C by Mrs. Peter Dews and were interpreted by Dr. H. L. Mason. 

6-Bromocortisone Acetate (II) from Cortisone Acetate (I)—To a 500 ml. 
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flask, which was equipped with an inlet for carbon dioxide and with a 
condenser, protected with a calcium chloride drying tube, 1.608 gm. of 
[and 160 ml. of chlorobenzene were added. The suspension was heated 
until solution was effected. Dry carbon tetrachloride (180 ml.) was 
added, and the mixture was boiled to remove traces of moisture. After 
the addition of 4.2 ml. of a 10 per cent solution of pyridine in carbon 
tetrachloride and of powdered N-bromosuccinimide (788 mg.), carbon 
dioxide was passed over the solution, which was illuminated with a 50 
watt frosted bulb, placed in contact with the flask, and the suspension 
was heated to boiling with a free flame. The N-bromosuccinimide dis- 
solved rapidly, and the colorless solution, which was brownish yellow 
after 4 minutes, was pale yellow 9 minutes later. A test with starch- 
iodide paper indicated the absence of free N-bromosuccinimide. The 
solution was cooled, washed with water, concentrated, and the product 
crystallized from benzene to give 1.34 gm. of pale yellow solid; [a], = 
+81° + 2°. Recrystallization from acetone-methanol and chloroform- 
petroleum ether gave 0.834 gm. of almost colorless prisms, [a], = +75° 
+ 2°; [a], = +87° + 2° (chloroform). An additional 87 mg., [a], = 
+76° + 2°, were obtained from the filtrate. The mother liquors, con- 
centrated and treated with zinc dust in acetic acid, afforded 0.326 gm. 
of cortisone acetate, m.p. 217-226°. The yield of 6-bromocortisone ace- 
tate (0.921 gm.), based on the cortisone acetate consumed (1.282 gm.), 
was 60 per cent. The sample for analysis was purified to a constant 
optical rotation ([a], = +75° + 2°) by solution of the crystals in ace- 
tone, addition of methanol, and concentration to a small volume. The 
colorless compound turns dark after standing a few days at room tem- 
perature. Amax. 243 my, € 13,200 (ethanol). 


C23H2»O0<Br. Calculated, C 57.38, H 6.07; found, C 57.60, H 6.36 


Bromination in Absence of Organic Base. A—Under conditions the 
same as those described in the previous paragraph, except that the pyri- 
dine was omitted, the N-bromosuccinimide was reduced in 6 minutes. 
Crystallization of the product from benzene gave 1.23 gm. of pale yellow 
solid, [a], = +88° + 2°. Repeated recrystallization from methanol and 
chloroform-petroleum ether gave colorless thick needles which melted at 
243-244.5° when placed on the block at 233°; [a], = +49° + 2°; [a], = 
+52° + 2° (chloroform). The ultraviolet spectrum in methanol showed 
the absence of an a,8-unsaturated ketone. 


Found, C 65.62, H 7.14, Br 0.0, N 1.98 


B—Bromination of 0.804 gm. of cortisone acetate with 0.363 gm. of 
N-bromosuccinimide in 80 ml. of chlorobenzene was carried out with the 
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flask illuminated with a photoflood lamp (type RFL2) placed 4 inches 
(about 10 cm.) from the reaction vessel. The typical brown color appeared 
when the solution commenced to reflux and faded completely in 15 to 
20 seconds, at which time the results of a starch-iodide test were nega- 
tive. After the solution had been washed with dilute sulfuric acid and 
water and concentrated, the product was crystallized from acetone-pe- 
troleum ether to give 418 mg. of pale yellow solid; [a], = +92° + 2° 
A second crop (245 mg.) was combined with the first, and the material 
was recrystallized from methanol which contained a few drops of pyri- 
dine. The mixture of yellow prisms and colorless needles which was 
obtained was separated mechanically. The yellow prisms (74 mg.) were 
recrystallized from methanol to give 25 mg. of 6-bromocortisone acetate; 
[a], = +74° + 2°. The colorless needles (282 mg., [a], = +113° + 2°) 
were recrystallized to constant rotation from acetone-petroleum ether 
and afforded 41 mg. of product, m.p. 128-132° (decomposition), [a], = 
+126° + 2°. Amax. 232 my, Ei%, 268 (methanol). 


Found, C 55.79, H 6.80, Br 16.40 


6-Dehydrocortisone Acetate 3-(2 ,4-Dinitrophenylhydrazone) (IIIA)—This 
product was first obtained by recrystallization of the crude red hydrazone 
which remained after cleavage of cortisone acetate 3-(2 ,4-dinitrophenyl- 
hydrazone) with pyruvic acid. The compound was dissolved in a mix- 
ture of chloroform and acetic acid and crystallized after concentration 
of the solution on a hot-plate. When the sample was placed on the hot 
stage at 285°, it melted at 292-293°. Amax.1 269 my, € 15,500; Amax.: 
308 my, € 13,000; Amax.3 397 my, € 36,200 (chloroform). The sample for 
analysis was dried at 100°. 


C29H3209N4-$H20. Calculated. C 59.07, H 5.64, N 9.50 
Found. “ 59.22, “ 5.17, “ 9.58 
S691 02> "G82 


A sample of the hydrazone which was prepared by treatment of 6-de- 
hydrocortisone acetate with 2,4-dinitrophenylhydrazine melted at 291- 
292° when placed on the stage at 285°. 

6-Dehydrocortisone Acetate 3-(2,4-Dinitrophenylhydrazone) (IIIA) from 
6-Bromocortisone Acetate (II)—Acetic acid (240 ml.) was added to a mix- 
ture of 2.88 gm. of II, 1.43 gm. of 2,4-dinitrophenylhydrazine, and 0.54 
gm. of sodium acetate at room temperature. After 44 hours red crystals 
were removed by filtration and washed with acetic acid and water. The 
product (2.42 gm.) melted at 283-286° (decomposition) when placed on 
the stage at 275°. max. 397 my, ¢€ 35,200 (chloroform). A second crop 
of crystals (0.76 gm., m.p. 278-280°) was obtained from the filtrate. 

6-Dehydrocortisone Acetate 3-Semicarbazone (IIIB) from 6-Bromocorti- 
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sone Acetate (II) in Tertiary Butanol—A mixture of 609 mg. of semi- 
carbazide (m.p. 98-99°) and 560 mg. of salicylic acid was dissolved with 
warming in 300 ml. of recrystallized tertiary butanol. The solution was 
cooled to room temperature, and a solution of 1.95 gm. of II in 75 ml. 
of dry phosgene-free chloroform was added. Carbon dioxide was passed 
through the solution for several minutes, and the flask was sealed at 
room temperature. The colorless homogeneous solution became yellow 
in about 5 minutes and faded to pale yellow in an additional 10 minutes. 
After 2 hours at room temperature the solution had turned bright yellow. 
After 48 hours the solution was concentrated to about a half of the orig- 
inal volume, diluted with water, and extracted with chloroform. The 
aqueous phase contained 3.88 mm of bromide ion. The chloroform solu- 
tion was washed with 5 per cent sodium bicarbonate solution and water 
and dried, and was divided into two equal parts. One portion was con- 
verted into the 3-keto derivative, as described below in the second par- 
agraph under IVA from IIIB. The other portion was concentrated to 
dryness, and the residue was crystallized from 95 per cent ethanol to 
give 741 mg. of pale yellow needles. An analytical sample, obtained 
from ethanol, decomposed at 214° when placed on the block at 210°. 
\max. 301 my, € 42,500 (ethanol). [a], = +195° + 2° (dioxane). 


CxuH3:0.N;3: H.0. Caleulated. C 60.62, H 6.99, N 8.84 
Found. “ 60.67, “ 7.40, “ 8.89 


6-Dehydrocortisone Acetate (IVA) from 6-Bromocortisone Acetate (II)— 
A solution of 120 mg. of II in 5 ml. of redistilled y-collidine was refluxed in 
an atmosphere of carbon dioxide for 2.25 hours. The dark suspension was 
filtered to remove collidinium bromide (48 mg.), and after dilution with 
benzene the solution was washed with dilute sulfuric acid, sodium bicar- 
bonate solution, and water. Concentration of the solution and crystalliza- 
tion from acetone gave 32.5 mg. of pale yellow needles (m.p. 229-232°). 
\max, 280-281 mu, e 21,000 (ethanol). Repeated recrystallization from 
ethanol failed to raise the melting point. The infra-red spectrum (Nujol) in 
the finger-print and ketone regions was identical with the spectrum of 
known 6-dehydrocortisone acetate. 

6-Dehydrocortisone Acetate (IV A) from 6-Dehydrocortisone Acetate 3-(2 ,4- 
Dinitrophenylhydrazone) (IITA)—A mixture of 2.42 gm. of IIIA, 334 ml. 
of chloroform, 83 ml. of acetic acid, and 83 ml. of 89 per cent pyruvic acid 
was maintained in a sealed container at 45° for 9 days. After removal of 
the pyruvic acid 2,4-dinitrophenylhydrazone in the usual manner (2), 
the spectrum of the chloroform solution indicated that 5.8 per cent of 
IITA was still present. The chloroform was removed, and the residue 
was acetylated and decolorized with activated carbon as described in the 
preparation of cortisone acetate (2). Crystallized from acetone, the yield 
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was 45 per cent. A sample which had been dried to constant weight at 
room temperature lost 11.15 per cent in weight at 100° and 0.1 mm. Logs 
of weight for 1 molecule of acetone = 12.65 per cent. Amax. 281 muy, « 
26,900 (ethanol). . 

Treatment of 1.20 gm. of IIIA was carried out as described in the 
previous paragraph, except that enough 4.0 n hydrogen bromide in acetic 
acid was added to make the solution 0.10 n. After 28 hours the spectrum 
of the chloroform solution which was prepared as described indicated that 
only 3.1 per cent of IIIA was present. After acetylation, decolorization, 
and crystallization, as described in the previous paragraph, a 20 per cent 
yield of IVA was isolated. The crystals melted at 236-237°. A mixture 
of this product and cortisone acetate melted at 236-237°. [a], = +243° 
+ 2°. max. 280 my, € 26,100 (95 per cent ethanol). 


C23H2s05. Calculated, C 68.98, H 7.05; found, C 69.08, H 6.93 


6-Dehydrocortisone Acetate (IVA) from 6-Dehydrocortisone Acetate 8- 
Semicarbazone (IIIB)—A mixture of 595 mg. of IIIB and 2.38 gm. of 
p-hydroxybenzaldehyde was dissolved in 200 ml. of 80 per cent acetic 
acid. Carbon dioxide was passed through the solution to displace air, 
and the stoppered flask was kept at 45° + 1° for 40 hours. The yellow 
solution was concentrated to 50 ml., diluted with water, and extracted 
with chloroform. The chloroform solution was washed with 2 per cent 
sodium carbonate solution, dilute acetic acid, and water. Concentration 
followed by crystallization from ethanol gave 425 mg. of pale yellow 
needles which melted at 233.5-236° when placed on the block at 225°. 
Amax. 281 my, € 25,800 (ethanol). Repeated crystallizations from ethanol 
or acetone failed to remove the color. The crystals and mother liquors 
were combined, concentrated to dryness, and flushed with benzene. This 
solution was chromatographed on a column of 1:1 magnesium silicate and 
infusorial earth. Elution of the column with 5 per cent acetone in benzene 
was continued until a sample of the eluate gave no residue when evap- 
orated to dryness. The combined eluates were concentrated, and the 
residue was crystallized from ethanol to give 402 mg. of colorless blades 
which melted at 234-237° when placed on the block at 225°. Amex. 281 
my, € 26,600 (ethanol). 

The treatment of 2.03 mm of crude IIIB (described under IIIB from 
II) with p-hydroxybenzaldehyde, as described in the previous paragraph, 
gave 660 mg. of pale yellow needles which melted at 234-237.5° when 
placed on the block at 220°. Amax. 281 my, € 25,200 (ethanol). Chro- 


matographic purification, as previously described, gave 543 mg. of color- ! 


less needles, m.p. 234-236°. max. 280-281 mu, ¢ 26,600 (ethanol). 


6-Dehydrocortisone (IV B) from 6-Dehydrocortisone Acetate (IV A)—A sam- | 
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ple of 128 mg. of IVA was dissolved in 5.1 ml. of chloroform, and to this 
solution 17.9 ml. of methanol, 1.75 ml. of water, and 1.07 ml. of concen- 
trated hydrochloric acid were added at room temperature. After 50 hours 
1.5 gm. of sodium acetate and 10 ml. of water were added, and the solu- 
tion was concentrated under reduced pressure to about 5 ml. Chloroform 
(2 ml.) was added, and the crystals which separated were filtered and 
washed with water and chloroform. The product (65 mg.) melted at 
243-244°. The filtrate was concentrated further to remove all methanol 
and extracted with 25 ml. of chloroform. Concentration of the chloro- 
form solution under reduced pressure yielded 20 mg. of product, m.p. 
238-239°. A sample of the free ketol diene which had been purified from 
acetone melted at 248-249° (decomposition). 6-Dehydrocortisone does 
not depress the melting point of cortisone. Amax. 280.5 my, « 25,900 (95 
per cent ethanol). 


CxH2,0;. Calculated, C 70.37, H 7.31; found, C 70.54, H 7.13 


Removal of 6-Dehydrocortisone Acetate from Cortisone Acetate by Hydro- 
genation—A solution of 10.5 gm. of cortisone acetate which contained 
about 3.7 per cent of 6-dehydrocortisone acetate was stirred mechanically 
under carbon dioxide with a mercury seal stirrer for 20 hours in 1430 ml. 
of a 1:1 mixture of benzene and acetic acid in the presence of 20 gm. of 
30 to 40 mesh zine and 3 gm. of ascorbic acid. The zine was removed by 
filtration, and the filtrate was concentrated under reduced pressure to a 
small volume. The residue was dissolved in chloroform, and the solution 
was washed with water and concentrated under reduced pressure. Ace- 
tone was added, and the solution was treated with activated carbon and 
concentrated. The crystals which separated were dried at 105°. Crop 
I, 7.30 gm., m.p. 247-249°, Amax. 238 my, e 15,700; at 280 my, « = 162. 
Crop II, 0.78 gm., m.p. 245-246°, Amax. 238 my, e 16,000; at 280 my, « = 
167 (95 per cent ethanol). When the experiment was performed in air 
without the ascorbic acid and mercury seal stirrer, the 6-dehydrocortisone 
acetate was not hydrogenated. 

Acetylation of cortisone which was isolated from adrenal glands and 
presumably was free from 6-dehydrocortisone gave a product with e = 
161 at 280 mu. 


SUMMARY 


6-Dehydrocortisone acetate was first obtained as a by-product in the 
preparation of cortisone acetate. It has now been prepared from corti- 
sone acetate in a yield of about 40 per cent by the sequence of steps de- 
scribed in this paper. 
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In previous studies (1, 2) reported from this laboratory, the formation 
of peptides or of peptide derivatives as products of enzyme-catalyzed trans- 
amidation reactions was demonstrated qualitatively by means of paper 
chromatography. For the study of the effect of change in the chemical 
structure of amino acids and peptides on their relative effectiveness as re- 
placement agents, a quantitative method was required for the separation 
and analytical determination of closely related peptides. It is the purpose 
of the present communication to describe such an analytical procedure, 
which involves the use of columns of the synthetic ion exchange resin 
Dowex 50, in the manner described by Moore and Stein (3) for the separa- 
tion of amino acids.'! In addition, data are presented to illustrate the ap- 
plication of the Moore-Stein method to the study of the specificity of 
papain-catalyzed transamidation reactions. 


Separation of Peptides with Columns of Dowex 50 


Preparation of Resins and Columns—Two forms of Dowex 50 were em- 
ployed; one is the material marketed as Dowex 50 (250 to 500 mesh), 
which is prepared with approximately 8 per cent divinylbenzene, and the 
other is a special sample (200 to 400 mesh) containing about one-half of 
the standard amount of the cross-linking monomer. The two resins will 
be termed 8 per cent Dowex 50 and 4 per cent Dowex 50 respectively.” 
Both resins were used in the sodium form, and prepared in the manner 
described by Moore and Stein (3), whose paper should be consulted for 
details not mentioned in this communication. In treating the 4 per cent 


* This study was aided by grants from the Rockefeller Foundation and from the 
American Cancer Society (on recommendation of the Committee on Growth of the 
National Research Council). 

+ Predoctoral Fellow of the Atomic Energy Commission. 

1 The authors are greatly indebted to Dr. William H. Stein for his generous counsel 
in the course of these experiments, and for details of the experimental techniques 
developed by him and Dr. Stanford Moore. 

2 The authors are indebted to Mr. R. M. Wheaton and to Dr. W. C. Bauman of 


The Dow Chemical Company for making available a generous sample of the 4 per 
cent resin. 
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resin with nN sodium hydroxide on the steam bath, six treatments are suffi- 
cient. Although the amount of color in the supernatant fluid is somewhat 
greater than with the 8 per cent resin at the same stage, no improvement 
was noted upon further treatment with alkali. 

Jacketed chromatograph tubes (length 40 cm., internal diameter 0.9 cm.) 
wereemployed. The resin columns (height 30 cm.) were prepared by pour- 
ing the resin in two or three sections as a slurry in 0.2 N sodium hydroxide. 
Water maintained at 30.7° + 0.5° was circulated through the jackets 
(length 36 cm.) during the operation of the columns. 

Preparation of Buffers—The solvents used for elution were 0.1 M citrate 














TaB_LeE [I 
Composition of 260 Ml. of Buffers* 
Additions 0.05 ml. NaOH or HCl 
5 ml. stock Nat (final :. ‘ - 
12 Boe so mg ee — pi. AB me on) Final pH wo eee : ml. 
ml. a M an 
At 0.5 0.13 4.0 1.3 n NaOH 
4.0 0.15 4.3 EO: f* 1i7** 
7.5 0.16 4.5 a 
Bt 6.0 0.21 4.7 Gass = *s 
2.5 0.21 4.9 
0.5 0.21 5.0 
Vier fcc 0.24 5.5 0.9 “ HCl 

















* All the buffers contain 0.5 per cent BRIJ-35. 
t Contains 42.02 gm. of citric acid monohydrate and 260 ml. of n NaOH per liter. 
t Contains 42.02 gm. of citric acid monohydrate and 420 ml. of n NaOH per liter. 


buffers of varying pH and sodium ion concentration, and were prepared 
from 0.2 m stock solutions kept in the refrigerator with toluene. For pH 
values of 4.7 to 5.5, the stock buffer was that employed in the photometric 
ninhydrin procedure (4). A stock buffer at pH 4.0 was used for lower pH 
values. In Table I is given the composition of the buffers used in these 
experiments as well as the amount of acid or alkali necessary to adjust the 
pH prior to the ninhydrin analysis. For peptides containing an aromatic 
amino acid residue, 1.6 per cent benzyl alcohol was present in the buffer; 
with methionine-containing peptides, 0.5 per cent thiodiglycol was present 
(3). All pH values were determined by means of a Beckman model G pH 
meter and are accurate to approximately 0.05 pH unit. 

Operation of Columns—With columns of 8 per cent Dowex 50 the flow 
rate was 3.0 to 3.5 ml. per hour without pressure. Slower rates (about 2 
ml. per hour) may be obtained by alternate treatment of the resin column 
with 2 n sodium hydroxide and 0.2 N sodium hydroxide. With columns 
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of the 4 per cent resin, the flow rate was about 2.0 ml. per hour without 
pressure. At the temperature employed in these studies, a flow rate of less 
than 4 ml. per hour is essential if symmetric effluent curves are to be ob- 
tained for most of the peptides examined. For the analyses reported in 
the present communication, the flow rates were generally 2.5 to 3.5 ml. per 
hour. In several cases, as with some leucine peptides and with a-.-glu- 
tamyl-L-tyrosine, flow rates of 1.5 to 2.0 ml. per hour were employed. 

The peptide mixture was added to the column in 0.5 ml. of buffer. The 
pH of the sample was at or slightly below that of the buffer used for elution. 
The sample was washed in with three 0.2 ml. portions of buffer. 

Analysis of Effluent Fractions—The effluent fractions (usually 1.0 ml.) 
were collected by means of a Technicon fraction collector; in a few instances 
0.5 ml. fractions were collected. For the analysis of the fractions by the 
photometric ninhydrin method (4), 2 ml. of the ninhydrin reagent were 
used per fraction; the heating period was uniformly 30 minutes. In Table 
II are given the color values of a series of peptides. In the calculation of 
the color values, use was made of an expanded form of the table of leucine 
equivalents given by Moore and Stein (4). 

The effluent fractions were adjusted to pH 5 with sodium hydroxide or 
hydrochloric acid (Table I) before performing the ninhydrin analysis. 
When the eluant buffer was changed during a chromatographic run, the 
change in neutralization was commenced 10 ml. after the new buffer had 
been added. Some fractions at pH 4.5 were analyzed without neutraliza- 
tion; it will be noted from Table II that the color values are affected only 
slightly. 

Results—In Table III are given the positions of the effluent peaks and 
the recoveries for a series of peptides subjected to chromatography on col- 
umns of 4 and 8 per cent Dowex 50. Data for several amino acids are in- 
cluded for comparison. The position of maximum concentration is repro- 
ducible when the column height and buffer pH are unchanged. The 
displacement of the effluent peak by a given change in pH appears to de- 
pend on the nature of the peptide and on the pH range investigated. In 
this connection, the separation of glycyl-L-phenylalanine and L-phenylala- 
nine may be cited. At pH 5.5, their effluent curves overlap, the peptide 
being the faster component. When the pH is decreased to 5.0, however, 
the amino acid emerges at the same position as at pH 5.5, while glycyl-.- 
phenylalanine has been retarded sufficiently to insure separation. Ex- 
cept for glycyl-a-L-glutamyl-L-tyrosine and a-L-glutamyl-L-tyrosine, small 
changes in the flow rate (about 0.5 ml. per hour) have not been found to 
alter significantly the effluent position of the peptides tested, nor is the 
position influenced markedly by the presence of other peptides or of amino 
acids. 

The calculation of the recovery of the peptides was performed by inte- 
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gration of the effluent curves in the manner described by Moore and Stein 
(4). Most of the recoveries cited in Table III are from single determina- 
tions. For four determinations of L-alanyl-L-alanine, the recovery aver- 











Tas_e II 
Color Values of Peptides on Molar Basis Relative to Leucine 
pH 5.0 pH 4.5 
Compound 
30 min 20 min. 30 min 
TV CVIERVOINE hs, el LL Be 0.86 
GlyGyl@lyGviMiveMe 250 )0..5 eas 0.81 
Glycylglycylglycylglycine.................. 0.70 0.69 0.77 
Glycyl(triglycyl)glycine.................... 0.74 0.71 0.72 
Glycylglycyl-L-leucine....................64 0.83 0.80 
Glycylglycyl-u-leucylglycine................ 0.80 0.80 
SAV OVISIFBOTIDO const. cha ek OES 0.91 1.00 0.95 
SIVOVATHOUCINOS.isiit . wrote ule deh ated 0.94 0.94 
Glycyl-t-leucylglycine....................4. 0.89 
Glycyl-t-leucyl-u-leucine................... 0.93 0.96 0.94 
Glycyl-u-methionine......................6. 0.96 0.94 
Glycyl-u-glutamic acid..................... 0.79 0.79 0.88 
Glycyl-a-L-glutamyl-L-tyrosine............. 0.85 0.88 
Glycyl-ut-phenylalanine..................... 0.97 0.99 
Gly Oyl-GiYrowine ood ocd sa i Sass yeermpeds 0.79 0.79 
ret coh Oo) oe er Abd, 1.08 
PAB AOG TRAIN 6 coos s sos ce to nnn gore sie 1.56 1.52 
TANBRYI-UBOMIDO. 5550 55 sac eck e ec eee r ee 1.65 1.46 1.40 
MO OTW ALVIN @ 2 hori ccc ge icc eo hice eke ee 6 ses 0.82 0.85 0.85 
DOT yl RIAMINO) 5. Bis. Nok SaP ie HRS 0.88 0.88 0.86 
SOL VAST ONIN hz 3 Ki ciel d-s sind Biswlowisle htaw sad 0.87 0.86 0.98 
ie Ooo) 6 70 an a 0.92 0.83 0.88 
L-Leucyl-t-leucine-H,0..................... 1.22 1.08 1.13 
a-L-Glutamyl-t-glutamic acid............... j Bs 1.12 
a-L-Glutamyl-L-tyrosine.................... 1.02 1.01 1.00 
TeATORPARIVOING $415 28h cate. sien vA 0.92 0.91 
ipoiies ee to i hrid sou sion dle cael ons ides 0.98 1.00 
et CD ee RR ae ee teen DOR: FEE 0.92 0.93 0.84 
PMMA INNRE eos o os aad fo scious un sie aiargeaean nae pats hs 1.00 1.00 0.97 
Coot Lit fh OCC er RAS epee ER rere tee 1.03 
Potevarmreraeid c.f Se th SEAS 1.01 0.98 
E-PRCNPIBIANINE. 020): 5 oe a 0.93 0.88 

















aged 99 + 2.8 per cent. Low recoveries appear to be caused most com- 
monly by amino acid impurities in the peptide preparation or a flattened 
elution curve; the latter situation was noted with glycyl-t-leucyl-.-leucine 


and t-leucylglycine on the 8 per cent resin (Table ITI). 


The band widths are usually 10 ml. or less if the peptide emerges in the 
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TaBLeE III 
Chromatographic Behavior of Peptides on Dowex 56 
ein 0.5 ml. samples containing 0.5 to 4.0 um of each peptide were used. Column di- 
na- mensions, 0.9 X 30 cm.; temperature, 30.7°. 
yer- 4 per cent resin 8 per cent resin 
Compound Buffer | Effluent Re- Buffer | Effluent Re- 
pH peak covery pH peak covery 
ml. per cent ml. per cent 
— Glycylglycine 4.07 52 95 | 4.48 34 97 
Glycylglycylglycine 4.07 70 100 | 4.47 43 98 
ipa Glycylglycylglycylglycine 4.14 73 100 | 4.47 36 95 
=}? 4.62 26 96 
Glyeyl (triglycyl) glycine 4.10 80 96 | 4.47 34 95 
Glyeylglycyl-L-leucylglycine 4.48 46 95 
Glyeyl-L-serine 4.47 18 96 
4.06 37 100 
Glycyl-u-leucine 4.74 34 99 | 4.72 42 96 
Glycyl-u-leucylglycine 4.77 40 96 
Glycyl-t-leucyl-L-leucine 4.73 73 93 | 5.00 41 86 
Glycyl-L-methionine 4.63* 33 97 
Glyeyl-u-glutamic acid 4.14 45 90 
Glycyl-a-L-glutamyl-L-tyrosine 4.27t 93 94 
Glyeyl-L-phenylalanine 5.47t 23 97 
5.03t 37 95 
Glycyl-L-tyrosine 5.08t 32 95 
L-Alanylglycine 4.47 28 100 
t-Alanyl-L-alanine 4.49 30 101 
L-Alanyl-L-serine 4.47 23 102 
4.05 42 97 
LSerylglycine 4.48 27 97 
4.05 59 96 
L-Seryl-L-alanine 4.47 33 95 
4.05 75 95 
L-Seryl-L-serine 4.48 19 97 
4.07 33 95 
t-Leucylglycine 4.77 31 103 | 4.47 68 90 
t-Leucyl-u-leucine 4.71 52 99 | 5.04 38 97 
a-L-Glutamyl-L-glutamic acid 4.06 33 98 
a-L-Glutamyl-L-tyrosine 4.27f 71 100 | 4.537 33 98 
L-Tyrosylglycine 5.087 48 95 
5.47T 66 105 
Glycine 4.27t 17 99 | 4.49 17 101 
4.07 22 103 | 4.14 27 103 
L-Serine 4.08 17 98 | 4.08 17 100 
A ala L-Leucine 4.04 45 100 | 4.47. 35 100 
t-Methionine 4.63* 19 96 
ym- L-Glutamic acid 4.10 19 97 
ned | L-Phenylalanine 5.03T 26 102 
ine | ar) 2 99 
* The buffer contained 0.5 per cent thiodiglycol. 
the | + The buffer contained 1.6 per cent benzyl] alcohol. 
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first 50 ml. of effluent. With peptides containing the residue of an aro- 
matic amino acid or of leucine, however, the width of the band obtained 
with the 8 per cent resin may be considerably greater than 10 ml., even 
when benzyl alcohol is present in the solvent. The 4 per cent resin gives 
sharper effluent curves and is therefore recommended for peptides of this 
type. For example, if glycyl-t-leucyl-L-leucine is chromatographed under 
the same conditions on columns of the 4 and 8 per cent resins (flow rate 
2.2 ml. per hour, pH 4.75), the band widths are 13 and 50 ml. respectively; 
the corresponding peak positions are 73 and 87 ml. Additional evidence 
for the greater usefulness of the 4 per cent Dowex 50 for the separation of 
peptides is provided by the observation that the pairs leucylleucine, glycyl- 
leucylleucine and glutamyltyrosine, glycylglutamyltyrosine emerge in very 
broad and unseparated bands on a column of the 8 per cent resin but are 
readily separated on a column of the 4 per cent resin. 

With the flow rates used in these studies, symmetric elution curves are 
usually obtained for the peptides examined. It has been noted, however, 
that, when the amount of some peptides is increased above about 10 micro- 
moles (uM), the elution curve may become asymmetric, with a sharp trailing 
boundary. This has been observed with diglycine on columns of 8 per 
cent resin and with glutamyltyrosine on columns of 4 per cent resin. 

From the data presented in Table III it is evident that, given the proper 
choice of pH, closely related peptides may be separated from one another 
and from their constituent amino acids. This is exemplified in Fig. 1, 
which describes the chromatographic separation of the isomers L-seryl-L- 
alanine and L-alanyl-t-serine. In Fig. 2 is shown a quantitative separation 
of t-leucylglycine, t-leucyl-t-leucine, glycyl-t-leucylglycine, and glycyl-t- 
leucyl-t-leucine by means of 4 per cent Dowex 50. In all instances studied, 
peptides composed of a single type of amino acid residue emerge after the 
free amino acid. Also, dipeptides composed of two different neutral amino 
acid residues emerge after both constituent free amino acids. In the in- 
stances examined, dipeptides are usually separable from related tri- or tet- 
rapeptides on columns of 4 per cent Dowex 50. An exception is provided 
by t-leucylglycine and glycylglycyl-u-leucylglycine, both of which emerge 
at 110 ml. if eluted with 95 ml. of pH 4.0 buffer followed by pH 4.2 buffer. 

As noted previously, the present studies on the chromatographic separa- 
tion of peptides were undertaken in order to develop a technique applicable 
to the analysis of the relatively simple mixtures encountered in transamida- 
tion reactions. To achieve greater resolving power, required for the anal- 
ysis of more complex mixtures of peptides, longer columns and several 
changes in the pH of the eluant will be required. Such increased resolution 
may well be essential for the separation of the peptides present in partial 
hydrolysates of large peptides and of proteins. 
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Chromatographic Analysis of Papain-Catalyzed Transamidation 
Reactions 


In the present studies, attention was given to the catalysis, by papain, 
of reactions of the general type 


RCO-NHR’ + NH2X = RCO-NHX + NHR’ 


where the first of the reactants is the substrate and the second is the re- 
placement agent. Carbobenzoxyglycinamide (CGA) and carbobenzoxy-.- 
serinamide (CSA) were employed as substrates. The replacement agents 
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10 20 30 40 50 60 70 80 
Effluent ml. 


Fic. 1. Chromatographic separation on a column of 8 per cent Dowex 50 of a 
mixture of L-seryl-L-alanine and t-alanyl-t-serine. Buffer, pH 4.05. Column di- 
mensions, 30 X 0.9cm. Flow rate, 3.2 ml. per hour. 


included the amino acids glycine, L- and p-leucine, L-methionine, L- and 
pD-phenylalanine, and the peptides glycylglycine (GG), L- and p-leucylgly- 
cine (L-LG and p-LG), and a-L-glutamyl-L-tyrosine (GluT). Examples of 
the transamidation reactions examined are given in Reactions A to C. 


CGA + glycine = carbobenzoxyglycylglycine + NH; (A) 
CGA + L-LG = carbobenzoxyglycyl-.-leucylglycine + NH; (B) 
CSA + glycine = carbobenzoxy-t-serylglycine + NH; (C) 


Unless otherwise stated, the initial concentration of substrate and of re- 
placement agent was 0.05 M, the concentration of papain (5) was 0.25 
mg. of protein N per ml. of test solution, the pH was 7.2 to 7.8 (0.05 m 
phosphate buffer), and the temperature was 38°. Hydrogen cyanide (0.025 
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M) was employed as the enzyme activator in preference to cysteine (1); 
the cyanide solution was freshly prepared prior to each experiment. Be- 
cause of the sparing solubility of CGA and of CSA in water, the experiments 
with these substrates were conducted in 30 per cent methanol, except where 
otherwise stated. The rate of enzyme action on CGA and CSA was fol- 
lowed by measurement of the ammonia liberation in Conway vessels; 0.1 
ml. aliquots of the incubation mixture were removed for this purpose. As 
noted previously (2), the extent of ammonia liberation serves as a measure 
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10 20 30 40 50 60 70 80 
Effluent ml. 


Fic. 2. Chromatographic separation on a column of 4 per cent Dowex 50 of a 
mixture of L-leucylglycine, L-leucyl-u-leucine, glycyl-t-leucylglycine, and glycyl-.- 
leucyl-u-leucine. Buffer, pH 4.72. Column dimensions, 30 X 0.9 cm. Flow rate, 
2.2 ml. per hour. 


of the extent of hydrolysis of the substrate plus the extent of the replace- 
ment reaction. 

To prepare aliquots (usually 1.2 ml.) of the incubation mixture for chro- 
matographic analysis, these were withdrawn after the desired time interval 
and transferred to 50 ml. of absolute ethanol. The resulting mixture was 
treated in the manner described previously (1) to remove the carbobenzoxy 
groups by hydrogenolysis. The resulting methanol solution was concen- 
trated to dryness in vacuo, and the residue was extracted successively with 
2 ml. of hot methanol, 0.5 ml. of hot water, and three 1 ml. portions of hot 
methanol. The combined extracts were evaporated to dryness, dissolved 
in 1.2 ml. of the appropriate buffer, and 0.5 ml. of the solution was placed 
on the Dowex 50 column (30 X 0.9 cm.) for chromatographic analysis in 
the manner described earlier in this communication. 
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In the examination of the chromatographic data, the ninhydrin-reactive 
components (except for L-seryl-L-leucine and t-seryl-L-leucylglycine) were 
identified by comparison with authentic samples, and the amount of each 
of the components was estimated from the area under the appropriate por- 
tion of the effluent curve. The enzyme experiments were interrupted prior 
to complete disappearance of the substrate; hence, glycinamide or L-serin- 
amide was present in the mixture placed on the column for chromato- 
graphic analysis. However, these amides are retained on Dowex 50 when 
it is eluted with buffers in the range, pH 4 to 5.5. 

In the extraction of the incubation mixture with hot methanol prepara- 
tory to hydrogenolysis, only the carbobenzoxy compounds are dissolved 
completely; several of the peptides and amino acids are incompletely ex- 
tracted by this solvent. For this reason, only the position of the effluent 
maxima was noted in the case of the replacement agents, and the routine 
estimation of the concentrations of the components of the mixture was 
restricted to those ninhydrin-reactive substances that had been derived 
from carbobenzoxy compounds by hydrogenolysis. Although the catalytic 
reduction was allowed to proceed until no further CO: evolution was noted, 
the recovery of the free amino acids and peptides so formed ranged between 
60 and 100 per cent of that expected on the basis of the data on ammonia 
liberation. Unpublished experiments indicate that the losses are due to 
incomplete hydrogenolysis and studies are in progress to improve this step 
in the procedure. In a complete chromatographic analysis of the mixture 
obtained in the experiment with CGA as the substrate and L-leucine as the 
replacement agent, the only peaks observed were those for glycine, L-leu- 
cine, glycyl-L-leucine, and glycinamide, thus indicating that the losses men- 
tioned above were not due to side reactions. The glycinamide was eluted 
from the column with a 0.1 m borate buffer (pH 9.4). 

In the present studies, the assumption was made that, in any given ex- 
periment, the per cent of the amino acid (glycine or L-serine) not accounted 
for is equal to the per cent loss of the ninhydrin-reactive compound derived 
from the product of the transamidation reaction. In this manner, it was 
possible to calculate the extent to which the substrate had undergone trans- 
amidation, as compared with the total extent of deamidation, by dividing 
the concentration of transamidation product found by the sum of the con- 
centrations of the hydrolysis product and the transamidation product. 

The results obtained in the transamidation studies are summarized in 
Table IV. For each of the experiments cited in Table IV, a control experi- 
ment was performed in which the papain was omitted; no transamidation 
was observed in the absence of the enzyme. It will be noted that, for a 
given replacement agent, the extent of transamidation observed with CSA 
is less than that for CGA. Fora given substrate, the extent of transamida- 
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TaBLe IV 
Chromatographic Analysis of Papain-Catalyzed Transamidation Reactions 
Transami- . 
pH of in-| +, . ‘date Hydrolysis 
Substrate* Replacement agent* cubation Fw es, product | Productt oe 
(a) ) | 

hrs. \uM per ml.\um per ml.lum per ml.| per cent 
CGA Glycine yf 12 26.6 0.47 15.5 | 2.9 
20 34.2 0.65 23.4 | 2.7 
| L-Leucine 7.8 12 24.4 1.84 4-5 | 11-9 
20 33.3 2.62 23.8 | 9.9 
| D-Leucine RYE 10 20.2 0.50 1478;:|. 322 
20 30.4 0.64 25.5 2.4 
L-Phenylalanine | 7.8 12 24.1 0.68 15.3 | 4.2 
20 35.2 0.93 23.1 3.9 
p-Phenylalanine | 7.7 10 21.1 0.24 15.0 1.6 
20 33.0 0.36 24.0 1.5 
t-Methionine (ia 12 24.8 0.65 16.3 3.8 
GG 7.5 5 15.2 1.05 7.0 13.1 
12 28.4 2.24 14.5 13.4 
20 34.6 3.02 23.8 11.3 
GG (0.025 ») 7.5 10 =| 19.5 1.52 13.9 9.9 
20 33.0 2.40 23.3 9.3 
L-LG 7.5 10 18.6 | 10.7 5.2 67.3 
20 28.6 | 15.1 9.4 61.6 
p-LG 7.4 9 18.6 1.10 12.3 8.2 
20 28.8 2.72 27 .6 9.0 
GluT 7.3 10 23.0 2.76 12.3 18.3 
20 35.4 4.52 21.1 7 ey 
CSA Glycine res 5 17.8 0.20 13.0 1.4 
L-Leucine sieyt 5 17.7 0.33 12.5 2.6 
10 26.1 0.74 26.2 2.8 
CSA L-LG 7.5 4 ; 12.3 2.81 6.0 31.9 
(0.040 m) 8 | 21.3 4.80 12.1 28.4 

p-LG 7.5 44 BO 0 10.6 0 

8 22.2 0 19.5 0 
L-LG|| 7.2 1.5 8.7 | 1.4 4.5 | 24.1 
3 14.7 2.04 8.4 19.5 

p-LG|| (oe. 1.5 8.4 0 6.2 0 

3 14.7 0 12.7 0 




















* The following abbreviations are used in this table: CGA (carbobenzoxyglycin- 
amide); CSA (carbobenzoxy-t-serinamide) ; GG(glycylglycine); LG (leucylglycine); 
GluT (a-L-glutamyl-t-tyrosine). 

¢ Theory for 100 per cent deamidation, 50 um per ml. 

t The values given in this column represent the difference between the concen- 
tration of hydrolysis product found in the enzyme experiment and the concentration 
found in a control experiment (noenzyme). The latter concentration is appreciable 
only in the experiment on the system, CGA plus glycine. 

§ Per cent transamidation. 

|| This experiment was conducted in aqueous solution. 
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tion in the presence of L-amino acids as replacement agents is, in general, 
jess than that observed with the L peptides. This result is consonant with 
the view that the active replacement agent is the amino acid or peptide 
100 anion (1); the pK’s values of the amino acids employed are above 9, while 
| the pK’s values of the peptides are near 8 (6). However, the differences 
— in the extent of transamidation with the various L-amino acids tested indi- 
cate that, in addition to the structural factors that influence the pK’s of 
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9 => 3.0- Glycyl -L- 
7 & leucylglycine 
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1 ae) Glycine 
ik ob 2.0 
38 & 
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.3 & 
‘ 2 10; 
5.2 3 Solvent 
).0 change 
‘ Jit BAUR 
Aa oo ° \ bu I ! 
4 10 20 30 40 50 60 70 80 
6 Effluent ml. 
2.8 Fig. 3. Chromatographic analysis on a column of 4 per cent Dowex 50 of a 20 hour 
L.9 sample from the incubation of carbobenzoxyglycinamide and t-leucylglycine in the 
3.4 presence of papain. Buffers, pH 4.07 and 4.69. Column dimensions, 29 X 0.9 cm. 
Flow rate, 2.0 ml. per hour. 
4 the replacement agents, other structural attributes of these compounds 
) play a réle in the enzyme-catalyzed reaction. For example, although the 
) dissociation constants of glycine and of t-leucine are nearly the same (pK’» 
le = 9.60), the latter amino acid is the better replacement agent under the 


conditions of these studies. Also, the pK’: values for L-phenylalanine and 
for L-methionine are lower (9.13 and 9.21 respectively) than that of L-leu- 
cine, but the extent of transamidation is appreciably less with either of 
neen- these than with leucine. 

ation The striking transamidation observed with t-leucylglycine as the replace- 
uate ment agent and CGA as the substrate exemplifies a reaction in which the 
extent of replacement exceeded the extent of hydrolysis. This result indi- 
cates that, under suitable conditions, the catalysis of transamidation reac- 
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tions may represent a major réle of the intracellular proteinases. For 
purposes of illustration, the effluent curve obtained on chromatographic 
analysis of the 20 hour incubation mixture is given in Fig. 3. A comparison 
of the relative behavior of L-leucylglycine and of glycylglycine as replace- 
ment agents further underlines the fact that the pK’. is not the sole deter- 
mining factor in their effectiveness in transamidation reactions. It would 
appear that an enzymatic specificity with regard to the replacement agent, 
as well as the substrate, is operative. Further evidence for a specific inter- 
action between the replacement agent and the enzyme (or the enzyme- 
substrate complex) is offered by the finding that, with glycylglycine, the 
extent of transamidation is not proportional to the initial concentration 
of the replacement agent. 

In earlier studies (2), it was found that, when transamidation experi- 
ments were conducted in 30 per cent methanol, p-amino acid amides served 
as replacement agents, but when similar experiments were conducted in an 
aqueous medium, no transamidation could be demonstrated by paper chro- 
matography. The results presented in Table IV show that p-amino acids 
can serve as replacement agents; in all instances examined, however, the 
D isomer gave less transamidation than did the corresponding L-amino acid. 
The transamidation with p-leucine cannot be attributed to the presence of 
L-leucine as an impurity, since the amino acid was pure according to the 
criteria of the solubility method (7). 

It will be noted from Table IV that, with CGA as the substrate and 
p-LG as the replacement agent, appreciable amounts of carbobenzoxygly- 
cyl-p-leucylglycine were formed, although the extent of transamidation 
(about 8.6 per cent) was much less than that found with L-LG as the re- 
placement agent (about 65 per cent). This result offers further evidence 
for a relative specificity with regard to the configuration of the replace- 
ment agent. 

It was suggested in an earlier communication (2) that the slight trans- 
amidation observed with p-amino acid amides in 30 per cent methanol may 
be due to non-enzymatic reaction with small amounts of carbobenzoxy- 
amino acid ester, formed by enzymatic catalysis from the corresponding 
amide. Although this remains a possibility, the finding of an enzymatic 
specificity toward the replacement agent raises the possibility that the pres- 
ence of methanol in the incubation mixture favors the combination of the 
replacement agent with the enzyme (or enzyme-substrate complex), and 
that the discrimination between enantiomorphic replacement agents is an 
example of relative stereochemical specificity. To examine this possibility 
further, experiments were conducted both in water and in 30 per cent meth- 
anol with CSA (which is somewhat soluble in water) as the substrate and 
the enantiomorphic leucylglycines as replacement agents. It will be noted 
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from Table IV that p-LG did not serve as a replacement agent in either 
solvent. The apparent discrepancy between this result and that reported 
above, with CGA as the substrate, may be related to the fact that more 
transamidation is noted with CGA than with CSA, when 1L-LG is the 
replacement agent. Further quantitative studies are required to clarify 
the specificity relationships, in transamidation reactions, among the en- 
zyme, the substrate, and the replacement agent. 


SUMMARY 


The chromatographic separation of closely related peptides may be ef- 
fected by means of columns of the synthetic ion exchange resin Dowex 50. 
This procedure has been applied to the quantitative analysis of the com- 
ponents formed in papain-catalyzed transamidation reactions. Evidence 
has been obtained for a specific interaction, in such reactions, of the en- 
zyme (or enzyme-substrate complex) with the replacement agent. Under 
suitable conditions, the extent of transamidation may exceed the extent 
of hydrolysis of a sensitive peptide bond, thus pointing to the possible 
importance of such replacement reactions in biological systems. 
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THE ABSORPTION SPECTRA OF AMINO ACIDS IN THE 
REGION TWO HUNDRED TO TWO HUNDRED AND 
THIRTY MILLIMICRONS* 


By LEO J. SAIDEL, A. ROBERT GOLDFARB, anp SHELDON WALDMAN 
(From the Department of Biochemistry, The Chicago Medical School, Chicago, Illinois) 


(Received for publication, February 15, 1952) 


Although the ultraviolet absorption spectra of most of the amino acids 
have been reported many times, in nearly all instances the spectra were 
limited to the region above approximately 220 my. Below this wave- 
length the absorption curves rise steeply into what has been considered a 


_ region of general, or continuous, or end-absorption. Most investigators 


have failed to examine this region closely. A few studies, principally of the 
end-absorption of tyrosine (2, 3) and tryptophan (4, 2) were made and new 
bands around 220 my were found. In 1932 Ley and Arends (5), using a 
fluorite vacuum spectrograph, studied the absorption of a few amino acids 
down to 177 mu. No new maxima were revealed but only the continuing 
steep rise in absorption with decreasing wave-length. Nevertheless, this 
work, by its observation of the quantitative changes of this steeply rising 
absorption with change in pH, was able to make a real contribution to our 
understanding of ionic configuration of amino acids. 

Because of the general neglect of this region, it was the impression of the 
authors that spectra showing the low wave-length bands for phenylalanine, 
histidine, and possibly methionine had not been reported.! Just before this 
paper was submitted for publication, however, a microfilm copy of a paper 
by de Gouveia, Pinto Coelho, and Schén (7) was obtained which reported 
maxima in the spectra of phenylalanine and histidine at about 213 mu. 
No observations below 210 my were reported. 

It is the purpose of this investigation to report the spectra of all of the 
amino acids which commonly occur in proteins down to 200 mu. These 
will be compared to peptide spectra in a separate report. The extinctions 
of 205 mu have already been compared to the extinctions of proteins at the 
same wave-length (8). 


* A preliminary report was presented before the annual meeting of the American 
Society of Biological Chemists, Cleveland, April, 1951 (1). 

1 Anslow and Nassar in an abstract of a paper presented before the New England 
Section of the American Physical Society (6) stated that phenylalanine has bands 
at 225, 205, and 198 my. Reference is also made to corresponding bands for tyrosine, 
tryptophan, and histidine. The complete report does not appear to have been 
published. 


285 











286 ABSORPTION SPECTRA OF AMINO ACIDS 


EXPERIMENTAL 


Methods 


All absorption data were obtained with a Beckman DU spectrophotom- 
eter. The modifications of the instrument, which permit balancing it at 
200 mu, the corrections for stray radiation, which are necessary at these 
wave-lengths, and the procedures which have been found to give the best 
results have been described elsewhere (9, 8). All readings except those 
indicated in Table I were made in a 1 cm. silica cell. Nearly all curves are 
plotted from the averages of at least three sets of determinations made 
with solutions of different concentrations. The concentrations were se- 
lected to give readings within the workable range for our instrument (9). 
After corrections for stray radiation were made, the average deviation from 
Beer’s law at 205 mu was not greater than +3 to 4 per cent. In some 
instances, even in buffered solutions, there appeared to be a trend toward 
higher values with lower concentrations. Whether these deviations were 
instrumental or chemical in nature was not determined. 

Various buffer solutions were used to give the desired pH. Since most 
anions which are used in the preparation of buffers begin to absorb appre- 
ciably around 200 muy, the choice of a suitable concentration of a particular 
buffer was important. Moreover, hydroxide ion itself absorbs very strongly 
at these wave-lengths. Therefore, the absorption of a buffer solution 
around pH 10 or higher is extremely sensitive to slight changes in pH. 
Consequently, it was essential to adjust the pH of the solvent and the amino 
acid solution to the same value. Since the buffers themselves had to be 
dilute, it was somewhat of a problem to maintain a constant pH. This 
factor and others, such as temperature dependence, made the reading at 
pH 10 and higher more subject to error. The upper limit of pH at which 
fairly reliable results could be obtained at 205 mu in a 1 cm. cell was 11 
with a 0.001 m tetraborate buffer. 

Little attempt has been made to determine fine structure in the bands 
reported. The curves have been smoothed out below 210 mu because the 
corrections for stray radiation were relatively large and it was felt that 
small irregularities may not be significant. 


Materials 


All of the amino acids were the best available commercial samples and 
were used without further purification. The purity of most of the amino 
acids was checked by the quantitative ninhydrin ammonia method (10). 


RESULTS AND DISCUSSION 


In Fig. 1 the absorption curves are presented for all of the amino acids 
which commonly occur in proteins. The conditions under which the 





spe 
the 







































































L. J. SAIDEL, A. R. GOLDFARB, AND S. WALDMAN 287 
spectra were measured as well as the positions and molar extinctions of 
the maxima are presented in Table I. 
The ten amino acids in the lower row of curves of Fig. 1 have no strong 
N- 
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Fic. 1. Absorption spectra of amino acids in the 200 to 230 my region. indicates 
that the spectrum was obtained in acid solution (pH 1 to 2); @, neutral solutions 
(pH 6 to 8); X, alkaline solution (pH 10 to 12). Detailed experimental conditions are 
| listed in Table I. Not all of the experimentally determined points are indicated. 
1 The isoleucine spectrum was obtained only in neutral solution. 
no 
)). chromophores and therefore present relatively low molar extinctions (« < 
160) in neutral and‘acid pH above 200 my. (Below 200 my the absorption 
d becomes very high (5).) There is a slight shift to longer wave-lengths 
, ¥ with increase in chain length. The plateau at about 200 to 210 my, which 
= Ley and Arends (5) reported for the spectra of glycine and alanine in acid 
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solution and which is attributable to the undissociated carboxyl group, is 
The leucine spectrum taken in acid solution has a 


confirmed for glycine. 


maximum at about 205 mu (e = 


71). 


TaBLe I 
Experimental Conditions and Maxima Corresponding to Curves in Fig. 1 


Presumably the spectra of some of 








Amino acid Concentration Buffer solvent pH 
mM per l. 
DL-AIMMINC?:; «sc s5 00% 5 -17 H,0 6.4-6.6 
RON io i gis <a. os 9 -27 + 6* 
33. | RBA rareer anes: ara cy: ll -17 0.2 n H.SO, 1.0 
2 | lly Ae Ae ener 5 4 0.001 m tetraborate 10.1 
Hydroxy-t-proline....... 5 6-16 H.0 6* 
PRPPOUNG sii. Seeds ies 5 = -16 sy 6* 
DL-LHUCITIC.............- 4 -13 ot 6* 
{Ela ets ae ee 3 -14 0.2 n H,SO, 1.0-1.1 
43 : ee ee ee 30 0.02 m tetraborate 12.1 
pu-Isoleucine.......... 14 12 H,0 6* 
L-Lysine-HCl............ 4 -12 6* 
DEOMAUNE ocigacls seas ee: 4 -14 = 6* 
pL-Threonine............| 4 -12 ss 6.2-6.4 
DL-Serine................]4  -14 ce 6.2 
t-Glutamic acid......... 3 -9 0.01 m phosphate 7.1 
pu-Aspartic acid......... 3 -9 0.01 Pe 7.2 
t-Glutamine.............J1 =-8 H,O0 6* 
L-Asparagine............ 1 -3 ss 6* 
pu-Methionine........... 0.2 -0.8; “* 6* 
Sede Oa a Rano ce hee 0.2 - 0.7 | 0.2 n H.SO, 0.9 
ee apn Serer 3 0.001 m tetraborate 11.1 
T-ORBUING... Boece fee ks 0.05 - 0.4 | H.O 6* 
L-Cysteine-HCl.......... 0.8 0.02 m phosphate 6.0 
L-Cysteic acid........... 4 -2 H:0 2.2-2.6 
t-Histidine-HCl......... 0.06 — 0.3 | 0.005 m phosphate 7.8-7.9 
J. Mee MMR Or ef: 0.2 - 0.3 | 0.01 m HCl 2.1 
.eeeeee.-| 0.07 - 0.2 | 0.001 m tetraborate 9.8-9.9 
L-Arginine-HCl.......... 0.1 -1 H.0 6* 
pL-Phenylalanine........} 0.04-0.2] ‘ 6* 
ee .| 0.04 - 0.1 | 0.01 m HCl 2.0 
eee, Free s. 0.04 — 0.1 | 0.001 m tetraborate 10.2 
Dee VEORINC!. 2. eel 0.03 - 0.3 | H.O 6* 
PP? Sh Gaeta 0.06 -0.2|0.2N H.SO, 1.0 
s 5 Re EP 50.“ 0.2 0.001 m tetraborate 11.3 
pu-Tryptophan.......... 0.009- 0.08) HO 6.4 
L770 Pon ene 0.01 — 0.04; 0.01 m HCl 2.1 
Sa rerene e 0.01 — 0.04) 0.001 m tetraborate 10.4 
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my 


1/205 


212 


206 


223 


223 


219 


218 
221 





€max, 





8,500 
8,500 


7,800 
8,300 


34,900 
34,700 
33 , 600 








* The pH was not measured but was assumed to be about 6. 
¢ Extinction was determined in a 0.071 cm. silica cell. 
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the other amino acids in this group would also have maxima, but they have 
not been determined. In alkaline solution the absorption of these amino 
acids is relatively much higher. These changes with pH are discussed in 
detail by Ley and Arends (5). 

The dicarboxylic acids at neutral pH (at which the carboxyl groups are 
all ionized) have approximately double the molar extinction of the above 
group of amino acids at corresponding wave-lengths. This effect can prob- 
ably be attributed to the two carboxyl groups per molecule. The higher 
absorption of the unsubstituted amide bond is demonstrated by the curves 
for asparagine and glutamine. Alkyl substitution on the amide bond 
further increases the absorption (8). 

The remaining amino acids all have molar extinctions higher than 1500 
at 200 my, which in each instance can be attributed to a specific chromo- 
phore apart from the carboxyl and amino groups. Thus the sulfide, di- 
sulfide, and sulfhydryl groups of methionine, cystine, and cysteine, respec- 
tively, all have relatively high absorptions. The spectrum of cysteic acid, 
with its low absorbing sulfonate group, is included on the same chart for 
comparison. The spectrum of the sulfide group of methionine in acid and 
neutral solutions exhibits a plateau or maximum at the lower wave-length 
limit of the instrument. Although this band does not seem to have been 
previously reported for methionine, it has been described for other sulfides 
(11). A disulfide band at about 250 my has been reported for the spectrum 
of cystine in acid and neutral solutions (12) and in alkaline solution (13). 
This band is outside the range included in Fig. 1, but its presence was 
confirmed. The extinction per S atom of cystine at pH 6 is higher than 
that of cysteine above about 202 my. The latter contains no band above 
200 my. The instability of cysteine at this pH was readily detectable in 
an hour or so by the increased absorption, attributable to the formation 
of the disulfide bond. 

As may be seen in Fig. 1, the positively charged imidazole group pro- 
duces a well defined maximum in the histidine spectrum at about 212 
mu (e = 5700). The spectrum is not much affected by the ionic state of 
the carboxyl group of histidine. When the imidazole group is uncharged 
(at pH 7.6 and higher), the maximum in the histidine spectrum is either 
broadened or converted into a plateau. In either event the band is shifted 
to shorter wave-lengths. De Gouveia et al. (7) found a maximum at 213.7 
my (€ = 4350) in the spectrum for histidine in 0.1 N hydrochloric acid. 
These authors did not report what happened to the maximum at other pH 
values. Fox et al. (14) have reported a maximum at 215 my in the spectrum 
of 4-methylimidazole in water. 

The maximum at 206 mu (e€ = 8500) in the spectrum of phenylalanine in 
acid and water solutions does not agree very well with the maximum at 
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213 my (« = 5000) in the spectrum of phenylalanine in water solution 
reported by de Gouveia et al. (7). Although these authors state that they 
obtained spectra in acid and alkaline solutions as well as in aqueous solu- 
tions, they present data only for the last. There is some evidence which 
would indicate that the value at 206 my is more reasonable than that at 
213 mu. Ina series of spectra of mono- and p-substituted benzene deriva- 
tives published by Doub and Vandenbelt (15), the spectrum of the mono- 
alkyl-substituted member, toluene, has its maximum at 206.5 my (e = 
7000). Moreover, Bennett and Niemann (16) reported no maximum in 
the spectrum of phenylalanine in water between 234 and 208 muy, the lower 
limit of their curve. At 208 my e was given as 8050. At pH 10.2 the 
phenylalanine spectrum is raised somewhat, and the maximum at 206 mu 
is replaced by an inflection point. ‘The maxima in the spectra of tyrosine 
(2, 3, 7, 17) and tryptophan (4, 2, 7) in the 200 to 230 my region have been 
reported a number of times. The positions and molar extinctions of the 
maxima given here are in fair agreement with those in the literature except 
for the value of ¢ = 56,000 reported for tyrosine by Castille and Ruppol (3). 
As shown by Kretchmer and Taylor (17), both the 223 my and the 275 mu 
maxima in the spectrum of tyrosine in acid and neutral solutions shift to 
longer wave-lengths in alkaline solution. The maxima corresponding to 
the alkaline solution are outside the wave-length range covered in Fig. 1, 
but it is interesting to note that the minimum at about 210 my shows a 
corresponding shift. Smith (2) has reported another maximum in the 
spectrum of tyrosine in water at 194 my. It was thought that this band 
might shift to a position above 200 my in alkaline solution. But at pH 
11.3 there is no indication of this band above 200 my. It is believed that 
the slight alterations of the spectrum of tyrosine in acid solution and of 
tryptophan in acid and alkaline solutions as indicated in Fig. 1 are real. 


SUMMARY 


Ultraviolet spectra in the 200 to 230 my region are presented for all of 
the commonly occurring amino acids at neutral pH in aqueous solution. 
Spectra for several of them at other pH values are also reported. 

The spectrum of the acid solution of leucine, which is probably typical 
of most of the low absorbing amino acids, exhibits a carboxyl maximum at 
about 205 mu. 

The spectra of methionine in acid and neutral solutions exhibit a sulfide 
maximum or plateau at about 200 my. 

The spectra of tyrosine, tryptophan, phenylalanine, and histidine have 
maxima in this region, the positions of which depend to some extent 
upon pH. 
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THE PROTEOLYTIC ACTIVATION OF FRUCTOSE- 
1 ,6-DIPHOSPHATASE* 


By B. M. POGELL{ anp R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, December 26, 1951) 


In the course of purification of the fructose-1 ,6-diphosphatase (FDPase) 
previously reported by Gomori (1), we observed a novel increase in the 
total enzyme activity obtained from rabbit liver upon autolysis. The 
nature and cause of this phenomenon have been investigated and are the 
subjects of this publication. This enzyme, which has been shown to 
have a high specificity for fructose-1 ,6-diphosphate (2), presumably plays 
an important réle in the synthesis of glycogen from pyruvate. Details 
of the further purification and other properties of the enzyme system 
will be reported at a later time. 

Demonstration of Activation—Our initial purification steps, in general 
according to those outlined by Gomori, consisted of extracting the liver 
in lactate buffer of pH 3.5, removing the insoluble material by centrifuga- 
tion, and incubating the extract at 38°. During this autolysis period a 
marked rise in total enzyme activity occurred, with an accompanying 
decrease in total protein. Fig. 1 illustrates a typical experiment. From 
an extract prepared and incubated as outlined, aliquots were removed at 
successive time intervals and assayed for the phosphatase. The activity 
rose for 8 hours and then slowly fell. Although the enzyme’s stability 
to proteolysis is remarkable, the drop was presumably caused by proteo- 
lytic destruction. It was only after 27 hours of incubation (not shown 
in Fig. 1) that the activity fell to the initial level before autolysis, al- 
though 80 to 90 per cent of the protein had already been cleaved to a 
dialyzable size in the first 8 hours. 

The magnitude of the activation was usually in the range of 3- to 4- 
fold for an 8 hour incubation period. The kinetics in Fig. 1 are typical, 
but in some experiments the increase followed a sigmoid curve (for an ex- 
ample, see Fig. 4), or the activity even fell initially. This is predictable 
from the expected balance of proteolytic destruction and activation of 
the enzyme, the variation from preparation to preparation being dependent 
upon the velocity of the two processes in the individual cases. 

* This investigation was supported by a research grant from the National Insti- 
tutes of Health, United States Public Health Service. 
ot aaa Fellow of the National Cancer Institute, National Institutes of 
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Separation of Various Components—That we are here concerned with a 
true enzymatic activation is shown by a separation of the various com- 
ponents involved and other of the following data. A selective destruction 
of the activating systems can be accomplished by controlled heat denatura- 
tion, as demonstrated in the experiment of Fig. 2. In this experiment, 
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Fic. 1. Effect of autolysis on FDPase activity. A crude lactate extract was 
incubated at 38° and at pH 4.5. Aliquots at successive times were centrifuged 15 
minutes at 1200 X g and then assayed for FDPase. 

Fia. 2. Selective destruction of the activating component of the system. Curve 
1, 5 ml. of heated extract (pH 4.5) plus 5 ml. of lactate buffer (0.05 m, pH 4.5); Curve 
2, 5 ml. of crude lactate extract (pH 4.5) plus 5 ml. of buffer; Curve 3, 5 ml. of heated 
extract plus 5 ml. of crude lactate extract; Curve 4, calculated sum of Curves 1 and 
2. The activity is expressed as units per ml. of the preincubated solution. The 
solutions were treated as in Fig. 1, but without centrifuging prior to assay. 


a crude lactate extract was heated in a water bath maintained between 
75-80° until the temperature of the extract rose to 65°. It was then 
immediately chilled in an ice bath and the precipitated proteins removed 
through centrifugation. This extract was incubated at 38° and the phos- 
phatase activity again measured at successive times. As is shown in 
Curve 1, the activity remained constant, thus illustrating the complete 
absence of the increase in activity obtained with the crude extract. This 
could be due to either the destruction of the inactive form of the phospha- 
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tase or to the destruction of the activating enzymes. This was tested by 
mixing together the same amount as above of the heated extract with an 
aliquot of the original crude unheated extract and testing this mixture 
as well as a control sample of the unheated material. All of the samples 
in this experiment were brought to the same total volume. If the in- 
active form were destroyed, then the mixture should have an activity 
upon incubation equal to the sum of the activities of the heated and un- 
heated material incubated separately. If the activating enzymes were 
destroyed, then the mixture should have an activity greater than this 
sum, since the enzymes present in the unheated material would activate 
the phosphatase of the heated extract as well as the phosphatase added 
with the crude extract. As Fig. 2 shows, the latter possibility was found 
to be the case. 

A separation of the activating enzymes from the other components was 
also achieved by differential centrifugation of an isotonic KCl homogenate 
(Table I). The homogenate was separated into fractions sedimentable 
at 2000 X g in 10 minutes (the low speed residue, consisting largely of 
nuclei and mitochondria), at 18,000 X g in 90 minutes (the high speed 
residue, containing the microsomes), and the resultant extract with the 
soluble cytoplasmic’ proteins. The precipitates were washed once and 
resuspended in half of the original volume of KCl; thus 1 volume of these 
fractions contained the amount of particulate material that would be 
associated with 2 volumes of the extract. In a separate fractionation, 
another extract was prepared, heated, dialyzed, and lyophilized, yielding 
a dried material which could be used in making more concentrated enzyme 
solutions. To equal volumes of a solution of this dried material (2 per 
cent), aliquots of the fresh homogenate, each of the residue suspensions, 
and the final extract derived from it were added. The phosphatase 
activity was then measured before and after 5 hours incubation. First 
it may be seen that of the original activity (the difference between the 
values with the lyophilized preparation alone and those shown in the 
succeeding lines) the bulk is in the soluble fraction, confirming the ob- 
servation of Hers, Berthet, Berthet, and de Duve (3). Secondly, the 
increase in activity is only marked when one of the particulate fractions 
is added to the extract. Papain will also cause an activation of the ex- 
tract (Fig. 3). From these experiments, it may be concluded that the 
“inactive” FDPase is present in the soluble fraction and the activating 
enzymes in the particulate fractions, already known to be the main site 
of the catheptic activity (4). Kinetic experiments, not reported here, 
with different levels of extract and residue have also confirmed this point. 

The activating enzymes were at least partially removed from the par- 
ticulate fraction by extraction with lactate buffer of pH 3.5, followed by 
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lyophilization of the extract. Neither the high speed extract nor the 
heated extract, as shown in the above experiments, is capable of activa- 
tion alone, but upon addition of the particulate extract the activation 
occurred (Figs. 3 and 4). 


Nature of Activatton—One of the most immediate explanations which 


TaBLeE I 
Differential Centrifugation of Components of FDPase Activation System 

Preparation of Liver Fractions—A rabbit liver was homogenized for 1 minute in 
4 volumes of isotonic KC] in a Waring blendor (homogenate, 6.58 mg. of N per ml.). 
This was centrifuged for 10 minutes at 2000 X g, and the supernatant fluid poured 
off. The residue was washed with a volume of isotonic KCl equal to the original, 
again centrifuged, and this residue taken up in half the initial volume of KCl (low 
speed residue, 3.23 mg. of N per ml.). The supernatant fluid was centrifuged for 
90 minutes at 18,000 X g and this extract poured off (high speed extract, 3.76 mg. 
of N per ml.). The residue was washed with a volume of KCl equal to the original, 
centrifuged again, and this residue taken up in half the initial volume of KCl (high 
speed residue, 2.07 mg. of N per ml.). 

Preincubation Experiment—0.2 ml. of each of the above fractions was then added 
to 1.8 ml. of a 2 per cent solution of a lyophilized, dialyzed KCl extract in 0.05 
lactate buffer (pH 4.5; this was centrifuged 15 minutes at 18,000 X g and the residue 
discarded). For the control, 0.2 ml. of isotonic KCl was added in place of the liver 
fraction. 1 ml. aliquots were removed with no preincubation and the remainder 
was incubated 5 hours at 38°. The aliquots were then assayed for FDPase. En- 
zyme activity is expressed as units per ml. of preincubation mixture. 





Enzyme activity 








Enzyme preparation a roe aes 
Initial preincubation 

units per ml. units per ml. per cent 
(a) Lyophilized extract.................... 22:2 28.5 28 
(b) Homogenate + (a)................0000- 29.1 43.5 49 
(c) High speed extract + (a)............... 27.9 34.5 24 
MtOW | ROBIRMIE Eo hice s becca sss 24.3 43.8 80 
(e) High “ ME ae a alate aatne  oeee 24.9 38.7 55 

















came to mind for this phenomenon was the release of some sort of acti- 
vator, possibly a metal or coenzyme. This possibility is not completely 
excluded by our experiments, but the following evidence strongly dis- 
favors the explanation. If the activity were dependent upon a dissociable 
activator initially bound to inert protein but released upon proteolysis, 
then dialysis after proteolysis should remove the material and cause the 
loss of the increased activity. But upon trial (Table II), dialysis before 
(Experiment 1) or after (Experiment 2) autolysis caused only slight losses 
in activity. These results make it necessary to assume that, if an acti- 
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yator is involved, it is initially bound in a non-dialyzable form, and also 
that after autolysis it is fixed to the FDPase in a non-dialyzable form. 


Since intensive proteolysis accompanied the increase in activity, we 
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Fig. 3. Demonstration of the activation of FDPase by a rabbit liver extract 
and by papain. Curve 1, lyophilized liver residue extract (0.5 ml. of the extract 
from a 17 per cent suspension in 0.05 m lactate, pH 4.5, centrifuged 15 minutes at 
1000 X g); Curve 2, high speed KCl extract (4.5 ml., pH 4.5); Curve 3, extract (4.5 
ml.) plus residue extract (0.5 ml.); Curve 4, extract (4.5 ml.) plus papain (0.5 ml. 
of a1 per cent solution at pH 4.8). All solutions were adjusted to a total volume 
of 5 ml. with 0.05 m lactate buffer, pH 4.5, and were incubated as in Fig. 1, but with- 
out centrifuging prior to assay in the papain experiment. The KCl extract was 
adjusted to pH 4.5 and centrifuged 15 minutes at 2300 X g to remove the insoluble 
protein before use. The activity is expressed as units per ml. of the preincubated 
solution. This is the summation of two experiments. In Curve 2, the open circles 
refer to the control in the experiment with the liver residue, and the solid circles to 
that in the papain experiment. 


tried several commercial preparations of proteolytic enzymes to see whether 
the activation was indeed proteolytic in nature. Addition of trypsin, 
pepsin, and rennin, which were active under the experimental conditions 
as measured by the increase in trichloroacetic acid-soluble amino nitro- 
gen, caused little or no increase in activity over the wide range of con- 
centrations tested. On the other hand, papain, a typical intracellular 
proteolytic enzyme, caused an activation comparable to that of the liver 
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Fig. 4. Proteolysis during liver residue activation of FDPase. Curve 1, FDPase 
activity ; Curve 2, increase in trichloroacetic acid-soluble amino nitrogen. A suspen- 
sion of 49 mg. of lyophilized, heated KCl extract and 122 mg. of liver activator prep- 
aration (lyophilized after centrifuging 60 to 75 minutes at 18,000 X g and dialysis) 
in 12 ml. of lactate buffer (0.05 m, pH 4.5) was incubated as in Fig. 1, but without 
centrifuging prior to assay. 
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Taste II 
Effect of Dialysis on FDPase Activity before and after Activation 

Experiment 1—15 ml., respectively, of a crude lactate extract (centrifuged for 
90 minutes at 18,000 X g) and of this extract after dialysis overnight and readjust- 
ment to pH 4.6 were incubated at 38°. Aliquots were removed at timed intervals 
and assayed for FDPase. 

Experiment 2—A solution of 28 mg. of a lyophilized, heated KCl extract and 70 
mg. of a lyophilized liver activator preparation (see Fig. 4) in 7 ml. of 0.05 m lactate 
buffer (pH 4.5) was incubated for 120 minutes at 38° after removing an aliquot. 
Another aliquot was then removed and the remainder dialyzed overnight. All 
samples were assayed for FDPase. 

The activity in both experiments is expressed as units per ml. of preincubation 
mixture. 

















Experiment No.’ Enzyme preparation Preincubation time Enzyme activity 
min. units per ml. 
1 Crude lactate extract 0 39.6 
120 60.0 
240 81.0 
360 98.1 
Dialyzed crude lactate 0 38.1 
extract 120 60.6 
240 79.5 
360 96.0 
2 Lyophilized residue + 0 40.8 
lyophilized extract 120 138.0 
Same, dialyzed 120 124.5 
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residue, with a simultaneous strong proteolysis (Figs. 3 to 5). The pH 
optimum for the activation by the liver enzymes is 4.5, a value in the 
catheptic range, while that with papain is 5.0. 

Significance of Activation—If it is conceded that we have here a true 
proteolytic activation, and it seems difficult to avoid this conclusion, then 
two possibilities present themselves. The activation may be a typical 
proenzyme to enzyme conversion of the type represented by the gastro- 
intestinal proteolytic enzymes. If so, it would be the first example of 
such a conversion with a strictly intracellular enzyme and would provide 
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Fig. 5. Proteolysis during papain activation of FDPase. Curve 1, FDPase ac- 
tivity; Curve 2, increase in trichloroacetic acid-soluble amino nitrogen. A solu- 
tion of 76 mg. of lyophilized, heated KCl extract in 13.5 ml. of malonate buffer (0.05 
u, pH 4.95) plus 1.5 ml. of a 1 per cent papain solution was incubated as in Fig. 1, 


but without centrifuging prior to assay. The aliquots were assayed immediately 
after being taken. 


a possible physiological réle for the cathepsins. The activation, on the 
other hand, could be caused by a modification of the protein molecules 
bearing the active phosphatase sites, either by increasing the catalytic 
activity of the existing sites or revealing new ones. We have at the 
present time not been able to settle this question, as experiments at- 
tempting to demonstrate a separation of the potential activity from the 
preexisting activity by salt fractionation and heat denaturation have been 
unsuccessful. This negative evidence does not exclude the possibility of 
& proenzyme conversion, since the proenzyme and enzyme could easily 
have the same solubility and stability. Isolation and comparison of the 
active enzyme from autolyzed and non-autolyzed extracts may be neces- 
sary, and we are now engaged in this undertaking. 
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While this activation phenomenon is of interest, its physiological sig- 
nificance is conjectural. Sutherland and Cori (5) recently reported an 
increase in phosphorylase activity in livers of animals treated with hyper- 
glycemic agents, and have interpreted this as being the principal mech- 
anism of glucose mobilization by Adrenalin. In our case, assay of serial 
biopsies of liver from an anesthetized rabbit after Adrenalin injection re- 
vealed no changes in the level of “active” or “inactive” FDPase. Other 
endocrine agents have not as yet been tested, pending further information 
on the nature of the activation. 


Materials and Methods 


General—Commercial dibarium fructose-1,6-diphosphate was purified 
through the acid barium salt according to Neuberg, Lustig, and Rothen- 
berg (6) and converted to the sodium salt for use in enzyme experiments, 

Commercial crude preparations of papain, rennin, 3 X U. S. P. pan- 
creatin (all from Nutritional Biochemicals), and pepsin (Merck) were em- 
ployed for the proteolytic experiments. 1 per cent solutions were pre- 
pared by triturating the materials with water and discarding any insoluble 
material. 

Inorganic phosphate was determined by the method of Lowry and 
Lopez (7). Proteolytic activity was measured by a modification of the 
quantitative ninhydrin procedure of Moore and Stein (8) for determining 
the amino nitrogen in a trichloroacetic acid extract. The incubated 
samples were added to 5 parts of 0.36 N trichloroacetic acid, and a 1 ml. 
aliquot of the extract, diluted as required with 0.30 N acid, was added 
to colorimeter tubes. To this, 1 ml. of 0.3 m sodium citrate and 1 ml. of 
the ninhydrin reagent were added. The tubes were closed with stoppers, 
heated 5 minutes in a boiling water bath, and cooled. After the addition 
of 10 ml. of water, the optical density was determined in a Coleman model 
14 spectrophotometer at 580 my. Glycine was used as a standard and 
the values were arbitrarily expressed in terms of micromoles of glycine. 
Total nitrogen was measured by the Kjeldahl procedure. 

FDPase Assay—Centrifuge tubes (12 ml.), containing 0.1 ml. of 0.05 
mM fructose-1 ,6-diphosphate (pH 7.0 to 7.3), 0.1 ml. of 0.05 m MgS0k, 
and sufficient 0.05 m borate buffer (pH 9.5) to make the total volume | 
ml. after the enzyme addition, were chilled in an ice bath and the chilled 
enzyme solution added. The tubes were then incubated 20 or 30 minutes 
at 38°, removed from the bath, and placed in ice. To each, 1.0 ml. of 
0.4 w trichloroacetic acid was then added immediately. After centrifuga- 
tion, a 0.5 ml. aliquot of the extract was taken for the phosphate analysis. 
The enzyme was added in small enough quantity so that no more than 
25 per cent of the substrate was hydrolyzed. Linear kinetics were ob- 
served over this range. 
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A unit of FDPase was defined as the amount of enzyme which will 
liberate 1 wm of inorganic phosphate per hour under the above assay 
conditions. 

Enzyme Preparations—The crude lactate extract was prepared by ho- 
mogenizing rabbit liver in 4 times its weight of 0.05 m lactate buffer (pH 
3.5) for 2 minutes. The homogenate was centrifuged 30 minutes at 
880 to 1200 X g, and the resultant residue was discarded. The extract 
could conveniently be stored for several weeks in the frozen state. Equiva- 
lent results were obtained with either a Waring blendor or a glass homog- 
enizer. 

The heated extract (devoid of activator) was prepared by stirring the 
crude lactate extract vigorously in a large water bath maintained be- 
tween 75-80° until the temperature of the extract rose to 65°. It was 
then rapidly cooled in an ice bath and its pH adjusted to 7.0. The pre- 
cipitated proteins were removed by centrifuging at 880 X g for 15 minutes 
and discarded. For some experiments the high speed KCl extract (see 
below) was adjusted to pH 4.5 and centrifuged 30 minutes at 890 X g, 
and this extract was then heated and cooled. After a further centrifuga- 
tion period of 30 minutes at 890 X g, the resultant extract was dialyzed 
overnight against distilled water and then lyophilized. 

Activator preparations were obtained by homogenizing rabbit liver in 
4 times its weight of isotonic KCl for 1 minute in a Waring blendor, and 
then centrifuging the homogenate for 90 to 120 minutes at 18,000 X g. 
The extract was adjusted to pH 7.1 and stored for other experimentation, 
and the residue was homogenized in 4 times its volume of 0.05 lactate 
buffer (pH 3.5) for 2 minutes. After centrifuging 30 minutes at 2500 X g, 
the residue was discarded and the extract was dialyzed for 2 hours against 
running tap water and overnight against distilled water. It was then 
lyophilized. 

All enzyme preparations were made at 0—4° and stored at —20°. In 
some later experiments it was found convenient to centrifuge the prep- 
arations at 18,000 X g, and these cases are noted in the text. Lyophilized 
preparations were triturated in buffer of appropriate pH for use in enzyme 
experiments. 

All incubations were conducted in stoppered tubes. 


SUMMARY 


1. A 3- to 4-fold increase in total fructose-1,6-diphosphatase activity 
has been observed on incubating a rabbit liver extract at 38° and pH 4.5. 

2. This activation appears to be proteolytic in nature, and the activat- 
ing enzymes have been separated from the other components. 

3. Papain causes a similar activation, whereas trypsin, rennin, or pepsin 
has no effect. 
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4. Some properties of this system and its possible physiological sig- 
nificance are discussed. 
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By MARIE N. LIPSETT anp FREDERICK J. MOORE 


(From the Department of Experimental Medicine, University of Southern California 
School of Medicine, and the Laboratories of the Los Angeles County Hospital, 
Los Angeles, California) 


(Received for publication, February 11, 1952) 


Previous studies in vitro on liver slices from fasted normal and adren- 
alectomized mice (1) showed a decreased rate of ketone body production 
in the latter group. This decrease could not be ascribed to increased 
gluconeogenesis, and was rapidly reversed by cortisone therapy. It was 
tentatively concluded that this phenomenon resulted from at least one 
of three possibilities: decreased rate of fat utilization, decreased con- 
densation of the 2-carbon fragment to acetoacetate, or an increased utili- 
zation of the 2-carbon fragment in other reactions. 

The present study includes a comparison of washed liver homogenates 
from normal, adrenalectomized, and cortisone-treated adrenalectomized 
mice. Lehninger (2), Crandall and Gurin (8), and Witter, Newcomb, 
and Stotz (4), among others, have shown that washed rat liver homog- 
enates can be prepared which oxidize octanoate and produce quantitative 
yields of acetoacetate. Our data include measurements of oxygen up- 
take, octanoate utilization, and ketone body formation by such prep- 
arations. A parallel series is reported on the conversion of pyruvate to 
acetoacetate by these preparations. 


Methods 


Weanling mice of the Olitsky strain were adrenalectomized by the 
lumbar route and maintained on a stock diet consisting of calf manna 
and rolled barley. The drinking fluid was 5 per cent glucose-0.9 per cent 
NaCl for the 1st postoperative day and 0.9 per cent NaCl thereafter. 
3 to 10 days after operation, the animals were sacrificed by cervical frac- 
ture and the livers removed and chilled on ice. Non-fasting animals 
were used to minimize the difficulties encountered in washing the ho- 
mogenates essentially free of fat globules. The cortisone-treated animals 
received 0.1 mg. of cortisone acetate in microcrystalline suspension (Merck 


* This investigation was supported in part by the National Heart Institute of 
the National Institutes of Health, United States Public Health Service (contract 
H-386, C2), the Helen Hay Whitney Foundation, and Eli Lilly and Company. 
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Cortone) subcutaneously 2 hours before sacrifice. Liver homogenates 
were prepared by the method of Lehninger (5) except that only two 
washings were used, as recommended by Crandall and Gurin (3). The 
final volume was adjusted so as to give an approximate concentration of 
400 mg. of tissue per ml. 

The Warburg vessels and contents were chilled in an ice bath, and 
1 ml. of freshly prepared homogenate was added. The equilibration 
period was 5 minutes, during part of which time the vessels were oxy- 
genated. Readings were taken at 10 minute intervals, and the vessels 
removed after 30 minutes. The contents were decanted into a graduated 
tube and diluted with vessel. washings to 6.0 ml., after which aliquots 
were removed for chemical analyses. 

Octanoate was determined on ZnSO,-Ba(OH), filtrates by the method 
of Lehninger and Smith (6). This filtrate was found to have the same 
specificity as the copper-lime filtrate recommended by him, and gave 
less trouble with emulsions. Ketone bodies were measured on the same 
filtrate by the method of Greenberg and Lester (7). Pyruvate was deter- 
mined by the method of Friedemann and Haugen (8). Oxygen uptake, 
which was found to be linear between the 10 and 30 minute readings, 
was estimated by multiplying the 10 to 30 minute uptake by 1.5. This 
less precise extrapolation was used to avoid the enzyme inactivation 
which occurs when the vessels are equilibrated in the absence of sub- 
strate. 


Results 


With our preparations, octanoate alone was utilized inconsistently and 
with difficulty, even when adenosinetriphosphate (ATP) was present at 
an initial concentration of 0.006 m.!- When 0.001 m malic acid was added 
to start the reaction, the utilization of octanoate was both more con- 
sistent and more rapid. Malonate was added in a final concentration of 
0.01 m to limit metabolism through the Krebs cycle. 

With use of this octanoate-malate-malonate system, homogenates from 
normal, adrenalectomized, and adrenalectomized cortisone-treated mice 
were compared. It may be seen from Table I that there was no sig- 
nificant difference in the average octanoate utilization or ketone body 
formation among the three groups. This fact was also noted by Umbreit 


1 This high level of ATP was used throughout our experiments, since Umbreit 
and Tonhazy (9) recently showed that differences in utilization of members of the 
tricarboxylic acid cycle by kidney homogenates from normal and adrenalectomized 
rats were eliminated by increasing the ATP concentration or by adding NaF to the 
preparation. They noted that the additional ATP had no effect upon the reduced 
proline oxidation found after adrenalectomy. We therefore employed a level of 
ATP high enough, on the basis of their work, to minimize any non-specific effects 
through the adenylate system. 
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and Tonhazy (10), although their data are not available. This apparent 
lack of difference in the amount of ketone body formation could be real 
or it could conceivably be due to the large spread within each group which 
might mask real differences. To test the latter hypothesis, the amount 
of ketone bodies which appeared in each vessel was compared with the 
amount of octanoate which disappeared in that same vessel. On the 
basis of such a calculation, the adrenalectomized group showed a sig- 
nificantly lowered yield of ketone bodies. These values are expressed in 


TaBLe I 


Effects of Adrenalectomy and Cortisone Therapy upon Utilization of Octanoate by 
Mouse Liver Homogenates 


Vessel contents, 0.006 m sodium ATP, 0.005 m MgSQ,, 0.01 m phosphate buffer, 
pH 7.4, 0.001 m malic acid, 0.01 m sodium malonate, 0.004 m sodium octanoate, 1.0 
ml. of liver homogenate, equivalent to 400 mg. of wet tissue in 0.13 mM KCI-0.013 m 
phosphate buffer, pH 7.8. Final volume 3.0 ml. Run at 30° in oxygen. 























| Adrenalec- | 

N 1 | Ad I- 

| [ectemisea | #* | tomy t cor) 2 

© | aD (I-I) (IID) (I-11) 

__— ee as 

MI COMM os 5 05) cevailaG sieve nad'e'Saoweereeete 8 15 6 

Oxygen uptake, uM..........0.0.000 | g.39 | 7.13 | <0.01| 6.62 | <0.01 

Motanoate used, BM... ..... 6.2.6. ce ad 2.07 2.36 | >0.5 1.42 | >0.2 

Ketone bodies formed, um........... 2.16 1.77 | >0.3 1.58 | >0.2 
“average yield,f %....| 52.5 37.7 0.01 | 64.2 | >0.2 

Average ratio, oxygen-octanoate..... 4.89 3.12 | <0.05 | 6.33 | >0.3 





* pis the probability of difference between the two means, found from ¢. 

+ Cortisone-treated mice received 0.1 mg. of cortisone acetate subcutaneously in 
microcrystalline suspension 2 hours before sacrifice. 

t Averages calculated from the percentage yield for each vessel in the group. 


Table I as the percentage yield of the theoretical amount of ketone bodies, 
assuming that 1 mole of octanoate can give rise to 2 moles of ketone 
bodies. This 1:2 ratio has been found to hold in several other studies 
(2-4). 

Interestingly enough, the percentage conversion to ketone bodies in 
‘the normal group is almost exactly that found by Lehninger in rat liver 
homogenates with an octanoate-fumarate-malonate system (2). Recalcu- 
lation from his data shows that between 50 and 57 per cent of the utilized 
octanoate appeared as acetoacetate, depending upon whether octanoate 
utilization is estimated from oxygen uptake or from determinations of 
acetoacetate, succinate, and other metabolic end-products of octanoate 
oxidation. 
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Explanations for the altered ketone body yield after adrenalectomy are 
difficult, since the normally occurring steps in fatty acid oxidation are 
not fully known. However, we may tentatively rule out the concept 
that active acetate is channeled into other metabolic pathways besides 
condensation, since most other known pathways involve increases in 
oxygen uptake. The measured oxygen utilization in the adrenalectomized 
group was significantly lower than in the normal group. Moreover, the 
oxygen-octanoate mole ratio approximated 3.0 in the adrenalectomized 
group, indicating that the octanoate which disappeared could not have 
been appreciably metabolized further than the 2-carbon stage by any 
oxygen-consuming process. Significantly higher oxygen-octanoate ratios 
in the normal and cortisone-treated groups point to considerable utiliza- 
tion of octanoate beyond this point. Since the condensation of “acetate” 


Tasie II 
Ketone Body Formation from Pyruvate in Liver Homogenates 


The vessel contents are ‘as in Table I, except that malate and octanoate were 
omitted, and pyruvate was present in a final concentration of 0.01 Mm. Six vessels 
were employed for each group. 











Group Pyruvate oxidized gee Fo a Peal berg 

uM uM pager: 
RNORUREPEL At coer bles, RS MS ce ie 18.12 4.66 52.5 
PUAVCUAIOCUOINY ).. 2:0 60. ns oes 14.89 4.27 57.7 
+ Decor eget ice aye ea Ee be 0.2 >0.2 >0.5 











to acetoacetate is apparently not an oxygen-consuming process, it would 
seem that there may be a difference between intact and adrenalectomized 
animals either somewhere in the mechanism of fatty acid oxidation itself 
or in the fate of active 2-carbon fragments, manifesting itself as a reduced 
rate of condensation to form acetoacetate or citrate. 

The latter point was studied by testing the utilization of pyruvate in 
a malonate-blocked system and measuring the amount of pyruvate oxi- 
dized and the yield of acetoacetate. As may be seen in Table II, there 
is no difference between the normal and adrenalectomized groups with 
respect to acetoacetate formation from pyruvate. The percentage yields 
of acetoacetate were identical whether calculated for individual vessels 
or for group averages. Since coenzyme A (CoA) has been shown to be 
necessary for the formation of the “active acetate’ required for aceto- 
acetate production, we may conclude that the supply of coenzyme A is 
adequate in both of our preparations. Therefore we must assume that 
the differences in the adrenalectomized group with regard to fatty acid 





XUM 





re 
ls 





XUM 


M. N. LIPSETT AND F. J. MOORE 307 


oxidation must lie above the level of the acetyl CoA to acetoacetate con- 
densation. 

That there is no change in the rate of acetylation reactions after ad- 
renalectomy is also borne out by the studies of Ralli and Dumm (11). In 
a series of experiments on the rate of acetylation of p-aminobenzoic acid, 
in vivo, they found no difference between the rates in groups of normal 
and adrenalectomized rats under the same dietary conditions. With our 
preparations in vitro, however, no acetylation of sulfanilamide or of p- 
aminobenzoic acid could be demonstrated, either with pyruvate or with 
octanoate as the acetate donor. This may have been due to the acylase 
described by Krebs et al. (12), which was reported to be present in the 
isolated tissues of a variety of species. 

It is interesting to speculate on the fate of the “‘missing acetate.” Since 
the measured oxygen uptake in the preparations from adrenalectomized 
animals is compatible with oxidation of the octanoate to but not beyond 
the 2-carbon stage, the acetate is not oxidized appreciably through the tri- 
carboxylic acid cycle. It is not condensed completely to acetoacetate, as 
measured directly. Other possibilities include the accumulation of acetic 
acid in the medium and recombination of the fragments to form higher 
fatty acids, which are not determined by the octanoate method used. 
Work is in progress to locate the residues unaccounted for. 


SUMMARY 


1. Mouse liver homogenates from normal, adrenalectomized, and corti- 
sone-treated adrenalectomized animals were compared in rates of oxygen 
uptake, octanoate utilization, and ketone body formation. 

2. The percentage of utilized octanoate which appeared as ketone bodies 
was markedly and significantly decreased after adrenalectomy, and was 
restored to slightly above normal levels after cortisone therapy. 

3. The oxygen utilized per mole of octanoate disappearing was sig- 
nificantly reduced after adrenalectomy, approaching a value of 3. 

4. Some possible implications of these relationships with regard to the 
coenzyme A mechanism are discussed. 


We gratefully acknowledge the technical assistance of Mrs. Ingrid 
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ENZYMATIC PREPARATION OF a-KETO ACIDS 


By ALTON MEISTER 


(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


(Received for publication, February 14, 1952) 


The significance of a-keto acids as intermediates in the metabolism of 
amino acids is well established. With the recent demonstration in several 
laboratories (1-5) that enzymatic transamination occurs with a wide vari- 
ety of amino acids, the importance of obtaining the a-keto analogues of 
amino acids in pure condition for enzymatic as well as for other studies be- 
comes apparent. Although a number of a-keto acids can readily be ob- 
tained by organic synthesis, several keto acids appear to present formida- 
ble synthetic problems. The preparation of a-keto acids by enzymatic 
oxidation provides a convenient and efficient method for obtaining the 
keto acid analogues of amino acids which are susceptible to attack by the 
available oxidases.! Although a-keto acids have been previously prepared 
by enzymatic oxidation, these have generally been obtained in impure state 
or isolated as the corresponding hydrazones. While the hydrazones may 
serve adequately to identify the keto acid, they are obviously not suit- 
able for metabolic studies. In the present report, enzymatic procedures 
are described for the preparation of a-keto acids or their salts in good 
yield and in pure crystalline condition. The technique involves (1) oxida- 
tion of the appropriate L- or D-amino acid (the racemate may be used), 
(2) the removal of the enzyme, (3) purification of the free keto acid by 
extraction and distillation or by ion exchange, and (4) crystallization of 
the free keto acid or the sodium (or barium) salt. These procedures have 
been employed in the preparation of twelve keto acids, including sev- 
eral apparently not previously reported. The 2,4-dinitrophenylhydra- 
zine derivatives of these a-keto acids and their activity in several en- 
zyme systems are also described. 


EXPERIMENTAL 


Materials; Amino Acids—pu-Phenylalanine, pt-valine, and pi-methio- 
nine were obtained from the Nutritional Biochemicals Corporation. DL- 
Leucine, L-leucine, and L-tyrosine were Merck products, and pi-ethionine 
was purchased from the Krishell Laboratories. ¢«-Hydroxy-pL-a-amino- 


1 The preparation of the optically active keto analogues of isoleucine by enzymatic 
oxidation illustrates a special advantage of the enzymatic technique; 7.e., preserva- 
tion of the optical configuration of the §-carbon atom (6, 7). 
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caproic acid was a gift of E. I. Dupont de Nemours and Company, Inc. 
L-Citrulline (8), e-N-chloroacetyl-t-lysine (9, 10), B-cyclohexyl-L-a-amino- 
propionic acid (11), and L-a-aminophenylacetic acid (11) were prepared 
in this Laboratory. The y-ethyl ester of t-glutamic acid was synthesized 
by the procedure of Bergmann and Zervas (12). 

Enzymes—The b-amino acid oxidase preparation was an aqueous ex- 
tract of acetone-dried hog kidney (6). In certain cases the oxidase solu- 
tion was dialyzed against running water at 10° for 18 hours. Rattlesnake 
(Crotalus adamanteus), copperhead (Agkistrodon contortrix), and moccasin 
(Agkistrodon piscivorus piscivorus) venoms (obtained from Ross Allen’s 
Reptile Institute, Silver Springs, Florida) were used as sources of L-amino 
acid oxidase. The venom preparations were dialyzed against water for 
16 to 24 hours at 5° before use. In addition to removing diffusible mate- 
rial, dialysis resulted in precipitation of inactive protein which was re- 
moved by centrifugation. Crystalline liver catalase was obtained from 
the Worthington Biochemical Sales Company and was thoroughly dia- 
lyzed against running water. 

Preliminary Studies—The activity of the oxidase preparations towards 
the several amino acids was determined in pilot runs carried out in War- 
burg vessels. Sufficient enzyme was employed to complete the oxidation 
in 12 to 18 hours. The progress of oxidation in the preparative runs was 
followed by ammonia analyses. The observed rates of oxidation by rat- 
tlesnake venom? under conditions suitable for preparation of the corre- 
sponding a-keto acids for pi-methionine, e-hydroxy-pL-a-aminocaproic 
acid, L-tyrosine, pt-phenylalanine, pu-valine, pt-ethionine, e-N-chloroace- 
tyl-t-lysine, L-glutamic acid-y-ethyl ester, L-a-aminophenylacetic acid, 
L-citrulline, B-cyclohexyl-L-a-aminopropionic acid, and L-leucine, were, re- 
spectively, 192, 206, 139, 143, 44, 171, 149, 97, 22, 152, 95, and 128.3 The 
relative rates for D-amino acid oxidase for pL-methionine, pu-ethionine, 


pu-leucine, and e-hydroxy-DL-a-aminocaproic acid were, respectively, 385, 
260, 152, and 126.4 


Preparation of a-Keto Acids 


(a) Sodium a-Keto-y-methiolbutyrate—Dialyzed catalase (100 units) and 
dialyzed rattlesnake venom (equivalent to 200 mg. of the original venom) 


2 The moccasin and copperhead venoms exhibited a similar specificity spectrum 
and were about 80 per cent as active as rattlesnake venom. 

3 Expressed as microliters of oxygen absorbed per mg. of venom per hour at pH 7.2 
and 37°. The vessels contained 1 mg. of venom, 50 uM of L-amino acid, 5 units of 
catalase in a volume of 1.3 cc. 

4 Expressed as microliters of oxygen absorbed per cc. of enzyme per hour at pH 
8.2 and 37°. The vessels contained 0.4 cc. of enzyme and 50 um of p-amino acid in 
a volume of 1.4 cc. 
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were added successively to a suspension of 4.01 gm. of pi-methionine in 
50 cc. of water. The pH was adjusted to 7.2 with 2 n sodium hydroxide, 
water was added to a final volume of 100 cc.,5 and the mixture placed in 
a 500 cc. Erlenmeyer flask at 37°. A continuous stream of oxygen was 
bubbled into the flask, and foaming was controlled by occasional addition 
of caprylic alcohol. After 12 hours, the mixture was dialyzed with agita- 
tion against three changes of 1 liter each of distilled water at 5° for 12 
hours. The combined dialysates were evaporated in vacuo to about 50 
cc.6 Throughout the evaporation, which took about 2 hours, the tem- 
perature of the water bath surrounding the keto acid solution was not 
permitted to exceed 50°. The slightly turbid concentrate was treated 
with approximately 200 mg. of Norit and filtered, and the clear colorless 
solution was forced through a well washed cation exchange resin column 
(Dowex 50, 250 to 500 mesh) in the Ht cycle.”?. Under these conditions, 
the resin removed the p-methionine® and ammonium and sodium ions. 
The column was washed with water until the eluate was no longer acid to 
Congo red paper. The eluate was brought to pH 4.5 with 2 n sodium 
hydroxide and the solution concentrated in vacuo to about 10 cc. Several 
volumes of acetone were slowly added and the sodium salt of the keto acid 
was allowed to crystallize at 5°. The product was recrystallized from 
water-acetone and dried in vacuo over P20; at 24-28°. The yield of re- 
crystallized material was 1.765 gm. or 77 per cent, based on L-methionine. 

A preparation of sodium a-keto-y-methiolbutyrate was also made by 
using D-amino acid oxidase (6). The yield of pure material was quite low 
(16 per cent) due to decomposition of the free acid during distillation 
(123°; 3 mm. of Hg). 

(b) Barium a-Keto-5-carbamidovalerate—The procedure described above 
was applied to 915 mg. of L-citrulline. The barium salt was recrystal- 
lized from water-alcohol; yield, 55 per cent. 

(c) a-Keto-e-N-chloroacetylcaproic Acid—The oxidation of 3.5 gm. of e- 
N-chloroacetyl-t-lysine was carried out with venom, as described above. 
The mixture was acidified with hydrochloric acid, treated with 0.5 gm. of 
Norit, filtered, and extracted six times with an equal volume of ethyl 


5 With the more insoluble amino acids, the volume was doubled and a mechanical 
stirrer was used. 

® The keto acid may be isolated by extraction of the acidified, Norit-treated mix- 
ture with ether. However, lower yields were usually obtained with this procedure, 
due to emulsion formation. 

7 The column was 150 cm. in height and 2.5 cm. in diameter; the flow rate was 3 to 
4 cc. per minute. 

§No attempt was made to isolate the unoxidized enantiomorph, although this 
probably vould readily be accomplished and might be desirable when isotopic ma- 
terials are employed. 
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acetate. The combined ethyl acetate fractions were dried over sodium 
sulfate and evaporated. The residual white crystalline material was re- 
crystallized twice from acetone-ether; m.p., 90°; yield, 52 per cent. 

(d) Sodium a-Keto-B-cyclohexylpropionate—From 1.09 gm. of 8-cyclo- 
hexyl-L-a-aminopropionic acid, treated as described in (a), the yield was 
85 per cent. 

(e) Sodium a-Ketophenylacetate—From the oxidation of 4.0 gm. of L-a- 
aminophenylacetic acid, as described in (a), the yield was 75 per cent. 

(f) Barium a-Ketoglutarate-y-ethyl Ester—This was prepared from 1.79 
gm. of the L-amino acid ester as described in (a); yield, 80 per cent. 

(g) Sodium a-Ketoisocaproate—This was prepared with p-amino acid 
oxidase by the procedure previously described for the preparation of the 
optical isomers of a-keto-8-methylvaleric acid (6). The yields in several 
preparations varied from 50 to 70 per cent. It was also prepared from 
L-leucine as described in (a) in somewhat better yield (80 per cent). 

(h) Sodium a-Keto-e-hydroxycaproate—This compound was prepared by 
oxidation of 10 gm. of the corresponding pL-amino acid with p-amino acid 
oxidase as described (6) with the following modifications: (1) The enzyme 
solution was dialyzed before use; (2) after extracting the keto acid with 
ether, the ether was dried, evaporated, and the residual slightly yellow 
oil was dissolved in water, decolorized with Norit, and brought to pH 4.5 
with sodium hydroxide. The sodium salt was crystallized in the usual 
way; yield, 64 per cent. 

(t) Sodium a-Keto-y-ethiolbutyrate—30 gm. of pt-ethionine were oxidized 
as described in (h); yield, 60 per cent. 

(j) Sodium Phenylpyruvate—This compound was prepared from 4.0 gm. 
of pL-phenylalanine as described in (a); yield, 65 per cent. 

(k) Sodium p-Hydroxyphenylpyruvate—This was prepared with venom 
as in (a) from 4.0 gm. of L-tyrosine; yield, 55 per cent. 

(l) Sodium a-Ketoisovalerate—The preparation was carried out as de- 
scribed in (a) from 5.0 gm. of pt-valine; yield, 75 per cent. 

Elemental analyses of the products and the corresponding 2 ,4-dinitro- 
phenylhydrazones are given in Table I.° 

Decarboxylation by Ceric Sulfate—Decarboxylation of a-keto acids by 
ceric sulfate-sulfuric acid mixtures has been described (13, 14). With one 
exception, the a-keto acids listed in Table I yielded equimolar quantities 
of carbon dioxide when treated with ceric sulfate under the following con- 
ditions: 6 um of keto acid dissolved in 0.3 cc. of 0.01 n hydrochloric acid 
were added after equilibrium at 37° from the side arm of a Warburg vessel 
to 1 ec. of 0.2 m ceric sulfate in 2 N sulfuric acid. Gas evolution was com- 


® The author is indebted to Mr. Robert J. Koegel and his staff for the microanal- 
yses. 





Tasrie I 
Characterization of a-Keto Acids Prepared by Enzymatic Oxidation 
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plete in 15 to 25 minutes. With p-hydroxyphenylpyruvice acid, 7.0 um of 
carbon dioxide were formed in 20 minutes and gas evolution continued 
slowly, reaching a value of 10.1 uM in 3 hours. 

Action of Lactic Dehydrogenase on a-Keto Acids—The reduction of a-keto 
acids and a,7-diketo acids by crystalline beef heart lactic dehydrogenase 
was described previously (15). These studies have now been extended to 
the keto acids prepared as described in the present report (Table II). All 
of the keto acids were measurably active in this system, although several 
exhibited very low rates. The values for the two alkylthio-a-keto acids 
were of about the same order of magnitude as those for a-keto-n-valeric 
acid and several a,7-diketo acids (15). It was previously noted that the 
branched chain a-ketocaproic acids were considerably less susceptible than 
a-keto-n-caproic acid (6, 15). The reduction of a-ketoisovaleric acid also 
proceeds much more slowly than that of a-keto-n-valeric acid (15). Other 
effects of substrate structure on activity may be noted from the data given 
in Table II for phenylpyruvic acid, a-keto-8-cyclohexylpropionie acid, and 
a-ketophenylacetic acid, and for the relative rates of reduction of a-keto- 
glutaric acid and its y-ethyl ester. Glyoxylic acid!® was rapidly reduced, 
confirming the findings of Weinhouse." Thus, of the thirty-eight a-keto 
acids studied in the present and previous investigations, pyruvate, a-keto- 
butyrate, thiopyruvate, hydroxypyruvate, and glyoxylate are the most sus- 
ceptible substrates for this enzyme system. 

Decarboxylation of a-Keto Acids by Yeast Carboxylase—Yeast carboxy]l- 
ase has been reported to decarboxylate a number of a-keto acids in addi- 
tion to pyruvic acid (17-20, 6). a, y-Diketovaleric acid (21) and certain 
other a,7-diketo acids” are also attacked. As described in Table I], a- 
keto-y-methiolbutyric and a-keto-y-ethiolbutyric acids were decarboxy]l- 
ated at about 10 per cent of the rate for pyruvic acid, and a-keto-e-hy- 
droxycaproic acid was slowly attacked. It is of interest that the y-ethy] 
ester of a-ketoglutaric acid was decarboxylated at a relatively rapid rate 
while the free dicarboxylic acid was inactive. 

Activation of Aspartic-6-decarboxylase by a-Keto Acids—The decarboxy- 
lation of L-aspartic acid to L-alanine by Clostridium welchii preparations 
was accelerated by several a-keto acids (22). It was suggested that acti- 
vation was due to pyridoxal phosphate formation by transamination be- 
tween pyridoxamine phosphate and the added a-keto acid. This inter- 
pretation was supported by the demonstration of the enzymatic synthesis 
of radioactive alanine from radioactive pyruvate and pyridoxamine phos- 
phate in this system. In the present study, all of the a-keto acids except 

10 Generously donated by Dr. D. B. Sprinson. 


11 Weinhouse, S., private communication, Friedmann et al. (cf. (16)). 
12 Unpublished studies. 
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a-keto-5-carbamidovaleric acid activated the decarboxylation of L-aspar- 
tate (Table IT), suggesting that these keto acids may be active in trans- 
amination. Glutamine and asparagine have been found to transaminate 














Taste II 
Enzymatic Susceptibility of Several a-Keto Acids 
Decarboxyla- | Activation of | Reduction by 
a-Keto acid tion by yeast aspartic-s- lactic de- 
carboxylase* | decarboxylaset | hydrogenaset 
ul. COs per hr. | ul. COs per hr. | ™ % 10% per 
MITEL bor rtars. oy Polson Weviwtaca Aruna Gare ee 1200 101 26 ,800 
MOR VON: 2s 5.0 ssc ehege lass sgh bat 0 45.0 21,100 
PENNE MOCRIICONG on. io gos ent 5 ce soc Cac ercsmene cl 306 92.0 3.20 
PP MOLOIBOVEIOLIOS 6.6 a5 fi ck cece cee sees ea es 922 96.2 103 
a5 sin 6 Ss wk weed evens 0 92.1 755 
p-Hydroxyphenylpyruvic§.................. | 0 94.6 345 
a-Keto-y-methiolbutyric....:............... | 125 89.0 1,550 
a-Keto-y-ethiolbutyric. .................... lion 95.1 1,650 
ee | tt re 0 49.0 2.58 
a-Keto-e-hydroxycaproic................... 25.0 92.0 181 
a-Keto-e-N-chloroacetyleaproic............. | 0 95.8 33.5 
a-Keto-8-cyclohexylpropionic............... 0 70.2 14.6 
a-Keto-5-carbamidovaleric..................| 0 8.2 4.13 
WI WOUDRMIUATE Si ieee dd eer as s idee boats sc | 0 104 9.21 
a-Ketoglutaric-y-ethyl ester................ | 721 102 49.0 
REN IRINA 65 6 So. oo Spe cna vtec aaa sg | 0 94.0 * 26,000 
PR EAMENE WO. foc sorsco'n oi o.0y 3 otk pacclocdon adeere ss 750 79.9 27,000 
a-Keto-6-indolylpropionic.................. | 0 47.0 670 





* The flasks contained 1 cc. of cell-free yeast extract (6) and 10 um of keto acid in 
1.3 cc. of 0.2 M sodium acetate buffer (pH 4.9); 37°. 

{ The flasks contained 26 mg. of semicarbazide-washed C. welchii cells (22), 10 
uM of L-aspartic acid, and 1 uo of keto acid in 2 cc. of 0.2 m sodium acetate buffer 
(pH 4.9). The CO, evolution in the absence of added keto acid was 8.0 ul. per hour; 
37°. 

t Activity is expressed as mole X 10-8 of DPNH; oxidized per mg. of crystalline 
beef heart lactic dehydrogenase per minute at pH 7.2 and 26° (15). The substrate 
concentration was 10 uM per 3 cc. 

§ Synthetic samples of these a-keto acids exhibited identical enzymatic values. 


with a number of a-keto acids, including most of those listed in Table 
II (1, 23). 
DISCUSSION 


Synthetic procedures for a-keto-y-methiolbutyric, a-ketophenylacetic, 
a-ketoisocaproic, a-ketoisovaleric, p-hydroxyphenylpyruvic, and phenyl- 
pyruvic acids have been described (see Waters (24) for a recent review of 
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synthetic methods). In general, the enzymatic procedures are simpler 
and less time-consuming than the synthetic techniques. Furthermore, 
the yields obtained with the enzymatic methods are as good and usually 
better than those obtained by synthesis. The enzymatic method could 
probably be extended to the preparation of the keto analogues of other 
amino acids susceptible to the action of amino acid oxidases. In certain 
instances special problems in isolation and purification may arise, due to 
the presence of other functional groups and to instability of the keto acids. 
The preparation of other types of a-keto acids will be described in a sub- 
sequent report. 


The author wishes to acknowledge the valuable assistance of Miss Phy]- 
lis E. Fraser. 


SUMMARY 


1. A convenient general enzymatic procedure for the preparation of 
a-keto acids in good yields has been described. The method involves 
oxidation of the corresponding D- or L-a-amino acid by the specific oxidase, 
purification by ion exchange or extraction and distillation, and crystalli- 
zation of the products as the free acid or sodium (or barium) salt. 

2. The following compounds have been prepared by this procedure: 
sodium a-keto-y-methiolbutyrate, barium a-keto-5-carbamidovalerate, 
a-keto-e-N-chloroacetylcaproic acid, sodium a-keto-f§-cyclohexylpropio- 
nate, sodium a-ketophenylacetate, barium a-ketoglutarate-y-ethy] ester, 
sodium a-ketoisocaproate, sodium a-keto-e-hydroxycaproate, sodium a- 
keto-y-ethiolbutyrate, sodium phenylpyruvate, sodium p-hydroxyphenyl- 
pyruvate, and sodium a-ketoisovalerate. The corresponding 2 ,4-dinitro- 
phenylhydrazones were prepared. 

3. Previous studies on the specificity of crystalline lactic dehydrogenase 
have been extended to these keto acids. The relative rates of reduction 
are given. Of the thirty-eight a-keto acids studied in the present and 
previous investigations, pyruvic, a-ketobutyric, thiopyruvic, hydroxypy- 
ruvic, and glyoxylic acids were found to be the most susceptible substrates 
for this system. 

4. Yeast carboxylase preparations decarboxylated a-keto-y-methiolbu- 
tyric and a-keto-y-ethiolbutyric acids at about 10 per cent of the rate 
observed with pyruvic acid. The y-ethyl ester of a-ketoglutaric acid was 
rapidly decarboxylated while a-ketoglutaric acid was not attacked. Thi- 
opyruvic acid was also decarboxylated. 

5. All of the a-keto acids studied (except a-keto-5-carbamidovaleric 
acid) activated the 6 decarboxylation of L-aspartic acid by Clostridiwm 
welchit. 
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In a previous communication from this Laboratory (1), the following 


‘reaction, catalyzed by a purified rat liver preparation, was described: 


Glutamine + a-keto acid — a-ketoglutaric acid + a-amino acid + ammonia 


With this system, no deamidation of glutamine occurred in the absence of 
a-keto acid, and, with all keto acids tested except two (pyruvate and 
a-ketobutyrate), transamination was absent or extremely slow when glu- 
tamate was substituted for glutamine. Experiments with N'*-labeled glu- 
tamine indicated that the ammonia evolved during this reaction was derived 
from the amide group of glutamine. Although this enzyme preparation 
does not catalyze either the deamidation of asparagine in the presence or 
absence of a-keto acids or transamination between asparagine and a- 
keto acids, other liver preparations have been found to catalyze an ap- 
parently analogous reaction with asparagine involving deamidation and 
transamination. 

In earlier studies (2-5), it was found that asparagine deamidation oc- 
curred rapidly in aqueous extracts of rat liver and that virtually all of 
this activity was destroyed by heating the extracts at 50° for 10 minutes. 
Addition of pyruvate or a-ketoisocaproate to the heated extracts resulted 
in remarkable acceleration of asparagine deamidation. The heat-labile 
activity was designated asparaginase I and the heat-stable pyruvate-acti- 
vated fraction as asparaginase II. Two separate systems capable of cata- 
lyzing the deamidation of glutamine were also observed. One of these, 
glutaminase I, was activated by phosphate and certain other anions, while 
the other, glutaminase II, was activated by a-keto acids (5). The glu- 
tamine deamidation systems were separated, purified, and found to exhibit 
negligible activity toward asparagine (6). 

Our findings are in accord with these results, and in addition demonstrate 
the occurrence of transamination reactions between asparagine and a-keto 
acids resulting in the formation of oxalacetic acid and the corresponding 
a-amino acids. The present report also describes several new transamina- 
tion reactions involving glutamine. 
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EXPERIMENTAL 


Substrates—Most of the a-keto acids were prepared as the crystalline 
sodium salts by enzymatic procedures (7), or synthesized as previously 
described (1). Sodium glyoxylate was generously furnished by Dr. D. B. 
Sprinson, and a-keto-8-indolylpropionic acid by Dr. J. White. L-Glu- 
tamine was obtained from the Nutritional Biochemicals Corporation; the 
product yielded 96 per cent of the theoretical ammonia when boiled for | 
minute in 2 n hydrochloric acid. 1.-Asparagine monohydrate ({a]2° = 
+29.2°; 9.517 per cent solution in 3 n hydrochloric acid) was obtained from 
Merck. t-Aspartic acid and L-isoasparagine were donated by Dr. J. P. 
Greenstein. 

Enzyme Preparations—Although the keto acid-mediated deamidation can 
be shown in homogenates or extracts after selective heat destruction of 
asparaginase activity, determinations of the oxalacetate formed are un- 
reliable, due to enzymatic degradation of this keto acid. In addition, 
interpretations of paper chromatographic studies with homogenates or 
extracts are complicated by the presence of large amounts of free amino 
acids (especially glutamic acid and alanine). A partial purification of 
the asparagine deamidation-transamination system was obtained as follows: 
Fresh rat liver was homogenized with 2 volumes of ice-cold distilled water 
in a Waring blendor for 3 minutes. The homogenate was heated rapidly 
to 50° in a water bath, maintained at this temperature for exactly 10 
minutes, and then cooled in a —10° bath for 5 minutes. The mixture 
was treated with 10 volumes of acetone (cooled to 0°) and filtered rapidly 
with suction. The liver powder was washed with acetone and ether, and 
dried in vacuo at 5° for 18 hours. The powder was extracted for 4 minutes 
with 8 volumes of ice-cold water in a Waring blendor, and then centrifuged 
in a Sharples centrifuge. The clear supernatant was dialyzed at 10° against 
running water for 18 hours and lyophilized. The lyophilized preparation 
was stored at 5° and showed no loss of activity over a period of several 
months. The preparation was 10 to 15 times more active (on the basis 
of tissue nitrogen) than the original heated homogenate, and exhibited 
less than 10 per cent of the original oxalacetic decarboxylase and aspara- 
ginase activities. 

The experiments with glutamine were carried out with the liver prepara- 
tion previously described (1, 6). This material showed no loss of activity 
when stored at 5° in the lyophilized state, although the freezing procedure 
usually resulted in a 10 to 20 per cent loss of activity. 


Methods 


Ammonia was determined by nesslerization after aeration into sulfuric 
acid traps. In several cases ammonia was determined by adsorption (at 
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pH 7) and elution from Permutit (8); there were no significant differences 
in the results obtained with the two procedures. Oxalacetic acid was 
determined as described by Edson (9), and phenylalanine and tyrosine by 
decarboxylation with Streptococcus faecalis cells (10, 11). Glutamate and 
glutamine were determined by decarboxylation with Clostridium welchii 
(12, 13). 

Paper Chromatography—The procedure consisted of a combination of 
ascending and descending techniques with Schleicher and Schuell (No. 598) 
paper (14, 15). For amino acid detection, samples of the incubated mix- 
tures were acidified with 3 m sodium acetate buffer (pH 4.9), placed in a 
boiling water bath for 3 minutes, and centrifuged to remove coagulated 
protein.! Replicate samples were always chromatographed in five solvent 
mixtures: (1) phenol mix, phenol saturated with 10 per cent sodium citrate 
in an atmosphere of hydrocyanic acid and 0.3 per cent ammonia; (2) 77 
per cent ethanol; (3) formix, tertiary butanol (70 parts), water (15 parts), 
and formic acid (15 parts); (4) lutidine mix, 2:6 lutidine (55 parts), water 
(25 parts), ethanol (20 parts), and diethylamine (1 part); (5) ketone mix, 
methylethyl ketone (16 parts), tertiary butanol (16 parts), formic acid 
(0.1 parts), and water (3.9 parts). Internal controls and chromatographic 
recoveries were employed as previously described (16). The solvents.em- 
ployed for keto acid chromatography were lutidine mix, 77 per cent ethanol, 
and propyl alcohol and ammonia (17). The spots were visualized under 
ultraviolet light after spraying with 0.05 per cent o-phenylenediamine in 
10 per cent trichloroacetic acid and heating at 100° for 2 minutes (17). 
Samples (0.01 to 0.03 cc.) of the reaction mixtures were chromatographed 
directly for oxalacetate detection. Pyruvate was also visualized on chro- 
matograms of samples containing oxalacetate. When samples containing 
oxalacetate were deproteinized with trichloroacetic acid or 75 per cent 
alcohol (followed by evaporation of the alcohol in vacuo at 26°), only pyru- 
vate was detected on the chromatograms. 


Results 


Transamination and Deamidation of Asparagine—The effect of a number 
of a-keto acids on asparagine deamidation is described in Table I. All 
but four (a-ketoisovalerate, a-ketophenylacetate, and d- and l-a-keto-f- 
methylvalerate) of the keto acids studied accelerated asparagine deamida- 


1 Chromatograms of thoroughly dialyzed enzyme preparations showed no amino 
acids. When the enzyme preparations were incubated with buffer at 37° for 2 hours, 
traces of ninhydrin-reacting compounds including glutamic acid and alanine were 
noted. Some protein breakdown probably occurs during incubation and as a result 
of the heat coagulation procedure. At this time it appears improbable that the 
minute amounts of amino acids formed in this manner play a significant rdle in the 
mechanism of the enzymatic reactions studied. 
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tion. The normal f-keto acids (C, to Cu), y-ketovaleric acid, triacetic 
acid, triacetic lactone, and pyruvamide were inactive. Several a,y-diketo 
acids increased deamidation; these acids were hydrolyzed to pyruvate by 
the enzyme preparation. L-Isoasparagine was slowly hydrolyzed by the 
enzyme preparation, and the rate of deamidation was not influenced by 
the presence of a-keto acids. The findings with asparagine are analogous 
to those previously observed in studies on glutamine (1) and suggested 
the occurrence of a transamination reaction. Under the conditions de- 
scribed in Table I, the formation of alanine, a-aminobutyric acid, norvaline, 














TaBLe I 
Effect of Keto Acids on Deamidation of Asparagine 
Keto acid ee ne Keto acid ere 
Pyruvic (100) | a-Keto-y-methiolbutyric 59 
None 8 | a-Keto-y-ethiolbutyric 46 
a-Ketobutyric 98 | a-Keto-e-hydroxycaproic 65 
a-Ketovaleric 86 | a-Keto-e-N-chloroacetylcaproic | 21 
a-Ketocaproic 68 | a-Keto-5-carbamidovaleric 25 
a-Ketoheptylic 48 | a-Ketoglutaric 30 
a-Ketoisovaleric 8 | a-Keto-8-indolylpropionic 28 
a-Ketoisocaproic 58 | a-Keto-8-cyclohexylpropionic 35 
d-a-Keto-8-methylvaleric 10 Phenylpyruvic 101 
l-a-Keto-8-methylvaleric 10 | p-Hydroxyphenylpyruvic 90 
Glyoxylic 85 | a-Ketophenylacetic 7 











* The reaction mixtures contained initially keto acid (20 um), L-asparagine (10 
uM), 0.05 m veronal buffer (pH 8.0), and 60 or 120 mg. of enzyme preparation in a 
final volume of 2.0 cc.; incubated for 90 or 120 minutes at 37°. The relative values 
for ammonia formation are given as per cent of the value obtained with pyruvic 
acid. 


norleucine, a-aminoheptylic acid, leucine, glycine, methionine, ethionine, 
a-amino-e-hydroxycaproic acid, glutamic acid, tryptophan, B-cyclohexyl- 
alanine, phenylalanine, and tyrosine from the corresponding a-keto acids 
and asparagine was demonstrated by paper chromatography. Although 
e-N-chloroacetyllysine and citrulline were not detected on the chromato- 
grams, it is possible that small amounts of these amino acids could escape 
detection due to their relatively low color production with ninhydrin. No 
transamination was observed with the four a-keto acids which were inac- 
tive in increasing deamidation. The formation of oxalacetate was also 
demonstrated by paper chromatography, as described ‘in the experimental 
section. 

Comparison of Transamination with Asparagine and Aspartic Acid— 
Transamination between asparagine (and aspartic acid) and several a-keto 
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acids was followed by oxalacetate determinations, paper chromatography, 
and in two cases by quantitative amino acid determinations (Table IT). 
Transamination with asparagine was significantly greater than with aspar- 
tic acid except with glyoxylic acid. There was no appreciable oxalacetate 
formed (over the control) when the enzyme preparation was incubated 
with aspartate and a-ketovalerate, a-ketoisocaproate, a-keto-y-methiolbu- 
tyrate, a-keto-y-ethiolbutyrate, or a-keto-e-hydroxycaproate. However, 
traces of norvaline and leucine were detected on the chromatograms, in- 











TABLE II 
Transamination of a-Keto Acids with Asparagine and Aspartic Acid* 
Asparagine Aspartate 
Keto acid 
Ammonia Oxalacetate Oxalacetate 
uM uM uM 
<1 AER a ne Ce MRM b> ale a tae ee OB te 0.82 0.36 0.82 
BEE sisi to te aie atererniely Deansgate 10.1 7.32 3.73 
a ee SS aa a ee ate ee es 9.41 6.15 6.95 
EEL RE a a ps Pa sen ee 10.0 7.42 4.21 
PROV ALONIG c= 2 oi 4 oS cn pec aw conn 9.36 6.43 0.96 
ETE UOIROURDEOIO 0284 ose) o85 od seth are 28 a 6.30 4.74 1.12 
a-Keto-y-methiolbutyric................. 6.44 5.31 0.86 
a-Keto-y-ethiolbutyric.................. 4.98 4.08 0.92 
a-Keto-e-hydroxycaproic................ 6.50 5.02 0.90 
MOTD IV EIIVIO 6 ti. ks 5 ik og sce eco es 9.82 8.46 (9.62T) 1.86 (2.00T) 
p-Hydroxyphenylpyruvic................ 8.96 7.31 (8.40f) 2.14 (2.01f) 














*The reaction mixtures contained initially keto acid (20 uM), L-aspartate or 
L-asparagine (10 um), and 60 mg. of enzyme preparation, in 1.5 cc. of 0.05 m veronal- 
acetate buffer (pH 8.0); incubated for 90 minutes at 37°. The formation of amino 
acids was observed chromatographically as described in the text. 

} Phenylalanine and tyrosine formed, as determined with S. faecalis de- 
carboxylase. 


dicating the occurrence of some transamination. On the other hand, trans- 
amination of these keto acids with asparagine proceeded readily as ob- 
served chromatographically and by oxalacetic acid formation. There was 
measurable transamination between aspartate and phenylpyruvate and 
p-hydroxyphenylpyruvate as determined by oxalacetate and amino acid 
formation, although considerably more transamination occurred between 
these keto acids and asparagine. About twice as much transamination 
occurred with pyruvate and a-ketobutyrate and asparagine as with these 
keto acids and aspartate, while glyoxylate transaminated to about an equal 
extent with both aspartate and asparagine. The observed formation of 
oxalacetic acid was 65 to 85 per cent of the value obtained for ammonia 
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formation, suggesting that some decarboxylation of oxalacetate occurred 
during the reaction. Only 20 to 40 per cent of the expected oxalacetate 
could be detected at the end of the reaction in experiments with heated 
liver homogenates. When 5 to 15 um of oxalacetic acid were incubated 
with the enzyme preparation under the conditions described in Table II, 
70 to 80 per cent of the added oxalacetate was present at the end of in- 
cubation. 

A diagrammatic representation of a chromatogram developed with for- 
mix is presented in Fig. 1. The chromatogram demonstrates that there 


DIAGRAMMATIC CHROMATOGRAMS OF ASPARAGINE~KETO 
ACID TRANSAMINATION 
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Fic. 1. Diagrammatic representation of chromatogram demonstrating aspara- 
gine-keto acid and aspartic-keto acid transamination. The solvent was formix. 
Experimental details are given in the text. Although phenylalanine and methionine 
were not separated by this solvent mixture, resolution of these amino acids was 
readily obtained with three other solvent mixtures (lutidine mix, phenol mix, and 
ketone mix). 


was greater formation of alanine, methionine, leucine, and phenylalanine 
with asparagine than with aspartic acid, and that the formation of glycine 
was about the same with asparagine and aspartic acid. The formation of 
alanine may be ascribed to amination of pyruvate formed by oxalacetate 
decarboxylation. No alanine was formed when the enzyme preparation 
was incubated with asparagine alone or with inactive keto acids. How- 
ever, traces of alanine were formed when aspartate was incubated with the 
enzyme. The mechanism of this slight formation of alanine from aspartate 
is not known. The formation of some aspartate in the experiments with 
asparagine occurred to about the same extent in the presence and absence 
of keto acids, and is compatible with the known occurrence of residual 
asparaginase in the enzyme preparation. 

Isoasparagine transaminated with a-keto-n-valeric acid and phenylpy- 
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red ruvic acid to about tle same extent as did aspartic acid. The very weak 
ate transaminase activity observed with the a-amide may be attributed to its 
ted conversion to aspartate by prior enzymatic hydrolysis. 
ted Transamination Reactions Involving Glutamine—Previous studies on the 
II, glutamine-a-keto acid reaction have been extended to several additional 
in- a-keto acids (Table III). With this enzyme preparation there was no 
ammonia formed from glutamine in the absence of a-keto acids. Trans- 
or- amination was followed by paper chromatography and determinations of 
ere the disappearance of glutamine or glutamic acid by decarboxylation with 
TasBxeE III 
Transamination Reactions Involving Glutamine* 
| Glutamine Glutamate 
saan | Disappearance . Disappearance 
| of glutamine | NHs formation | “of glutamate 
uM uM uM 
0 IIRS OS rene tee ener 8. Fe eters Race cies a 0 0 0 
BRU Sooo 5 acs De ee fracas halted oon FC ISS 10.2 10.6 10.9 
ALC HESI ae RR e 8.11 8.70 7.92 
a-Keto-e-hydroxycaproic................... 9.66 10.2 0.10 
a-Keto-e-N-chloroacetyleaproic............. 2.60 2.75 0 
a-Keto-y-ethiolbutyric. .................... 7.80 8.16 0 
a-Keto-8-cyclohexylpropionic............... 1.26 1.40 0 
a-Keto-8-indolylpropionic.................. 4.19 4.42 0 

















nix. 


. *The reaction mixtures contained initially keto acid (40 um), glutamine or glu- 
nine 


tamate (20 um), and 30 mg. of enzyme in 4 cc. of 0.05 m veronal-acetate buffer (pH 
was 7.1). Incubated at 37° for 90 minutes. The formation of the corresponding amino 





and acids was observed chromatographically as described in the text. 

C. welchit. There was no detectable transamination of glutamate with 
ine a-keto-e-N-chloroacetylcaproic, a-keto-y-ethiolbutyric, a-keto-8-cyclohex- 
sine ylpropioniec, a-keto-B-indolylpropionic, and a-keto-e-hydroxycaproic acids.’ 
n of Glyoxylic acid catalyzed the deamidation of glutamine and transaminated 
ms * It was previously noted that, with the exception of pyruvic and a-ketobutyric 
10n ‘ ' F . P 

acids, the purified enzyme failed to catalyze appreciable transamination between 
Ow- glutamate and a-keto acids. On the other hand, with liver homogenates these keto 
the acids transaminate with glutamine and glutamate at rates of about the same order 
tate of magnitude. Most of this glutamic-keto acid transaminase activity is removed 
vith in the initial centrifugation step in the preparation. Fractionation of liver homoge- 
wis nates by the procedure of Schneider and Hogeboom (18) revealed that most of the 

glutamine-keto acid activity (transaminase and deamidase) was present in the 
lua supernatant fraction. The glutamic-phenylpyruvic system was found chiefly in the 
mitochondrial fraction (cf. Hird and Rowsell (19)), while almost all of the glutamic- 

Ipy- pyruvic system remained in the supernatant. 
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with both glutamate and glutamine yielding glycine. a-Keto-é-carbami- 
dovaleric acid catalyzed only slight ammonia formation under the condi- 
tions described in Table III. With a larger amount of enzyme (90 mg.) 
and a longer incubation period (4 hours), chromatographic findings com- 
patible with the formation of citrulline were observed. a-Ketophenyl- 
acetic acid was inactive in deamidation and transamination. 

Thus far attempts to separate or alter the relative rates of the deamida- 
tion and transamination reactions of glutamine have not been fruitful, 
It was reported that a-keto acid-catalyzed deamidation of glutamine was 


TaBLe IV 
Effect of Keto Acid Concentration on Transamination and Deamidation of Glutamine* 

















fii Glutamine plus pyruvate ae Pac eve ctl owl 
concentration : : a 
Deamidation Tene Deamidation ———— Deamidation | — 
pM um NH; uM uM NH; uM uM NHs | uM 
5 4.01 4.30 3.96 3.68 | 
10 5.85 6.00 5.96 6.31 aoa 
20 7.82 7.30 4.43 4.71 4.94 | 5.12 
30 3.23 3.37 
40 2.62 2.82 5.36 §.11 
60 1.94 2.21 
80 1.62 2.08 
100 7.40 7.65 1.18 0.94 
200 7.12 7.01 4.41 4.70 
400 5.90 5.65 2.26 2.03 























* The reaction mixtures contained initially 10 wm of glutamine, a-keto acid as 
indicated, 30 mg. of enzyme, in 4 cc. of 0.05 mM veronal-acetate buffer (pH 7.1); incu- 
bated for 90 minutes at 37°. Transamination is expressed in terms of glutamine 
disappearance, as determined by decarboxylation with C. welchit. 


inhibited by high concentrations of a-keto acids (5, 6). It seemed of im- 
portance to determine the effect of keto acid concentration on the gluta- 
mine-transamination reaction. A marked decrease of both deamidation 
and transamination occurred with high concentrations of phenylpyruvate 
and a-ketoisocaproate, while somewhat less inhibition was observed with 
pyruvate (Table IV). Within experimental error the ratio of deamidation 
to transamination remained constant, a result compatible with the close 
association of these reactions. 


DISCUSSION 


The asparagine-a-keto acid reaction appears analogous to the glutamine- 
a-keto acid reaction previously studied. In both systems, appreciable 
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deamidation occurred only in the presence of a-keto acids, and deamidation 
was invariably associated with transamination. The relative activity of 
the various keto acids was approximately the same for both systems, al- 
though the rates have been found to vary somewhat, depending upon the 
pH and the keto acid concentration. a-Ketoisovaleric, d- and 1-a-keto- 
g-methylvaleric, and a-ketophenylacetic acids were not active in either 
system. In considering the structural requirements for activity in the 
a-keto acid series, it may be noted that, with the exception of glyoxylic 
acid, all of the active a-keto acids possess 2 hydrogen atoms on the 6-carbon 
atom. Except in three cases (pyruvic, a-ketobutyric, and glyoxylic acids), 
transamination between glutamine and a-keto acids was considerably more 
rapid than the corresponding reaction with glutamate. Comparison of 
asparagine with aspartate revealed that the former transaminated more 
rapidly with a-keto acids than did the latter except with glyoxylic acid. 
In many instances transamination between aspartate or glutamate and 
a-keto acids either was not observed or was very slow, while the analogous 
reactions with the w-amides occurred readily. These findings suggest that, 
aspartate and glutamate are not intermediates in these transamination- 
deamidation systems, and that deamidation is probably not the initial 
step in the reaction. 

The ‘‘asparagine”’ enzyme preparation exhibited both asparagine-keto 
acid and glutamine-keto acid activities, while the more purified “glu- 
tamine” enzyme did not exhibit significant asparagine-keto acid activity. 
Although the data are compatible with the existence of separate glutamine- 
keto acid and asparagine-keto acid systems, there is as yet no conclusive 
evidence to justify such designations. The presence of aspartic-alanine 
transaminase activity in muscle preparations has been interpreted to repre- 
sent the combined action of the glutamic-alanine and the glutamic-aspartic 
transaminases (20, 21). Although this may also be true for hepatic sys- 
tems, evidence compatible with the existence of an aspartic-alanine system 
in pigeon liver has been obtained by Moulder et al. (22), and a specific 
aspartic-alanine transaminase system in pigeon and hen liver has been 
described by Kritsmann and Samarina (23). The possibility of pyruvate- 
activated 8-decarboxylation of aspartate to alanine must also be con- 
sidered (cf. Meister et al. (16)). 

The relatively rapid transamination of glyoxylic acid with aspartate, 
glutamate, asparagine, and glutamine to yield glycine is of interest and is 
in accord with the findings of Weinhouse and Friedmann (24) on the rapid 
conversion of injected glyoxylic and glycolic acids to glycine in intact 
rats. The catalysis of a number of transamination reactions by liver and 
other biological material suggests the existence of at least several separate 
transaminases different from the highly specific glutamic-alanine and glu- 
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tamic-aspartic systems. Attempts to resolve this problem by further frac. 
tionation of liver are in progress. Efforts in this direction with the more 
stable systems of Escherichia coli have led to the isolation of separate 
glutamic-(phenylalanine, tyrosine) and glutamic-(isoleucine, valine, leu- 
cine) transaminase systems and the demonstration of other transaminase 
systems not involving dicarboxylic amino or keto acids (25). 

It was previously suggested (1) either that the glutamine-a-keto acid re- 
action involved simultaneous transamination and deamidation or that the 
transamination step preceded deamidation. The latter mechanism would 
lead to the intermediate formation of a-ketoglutaramic acid. The a-keto 
analogues of glutamine (a-ketoglutaramic acid) and asparagine (a-keto- 
succinamic acid) were prepared in pure form by a procedure similar to that 
described in the previous paper (7), and it was found that both compounds 
were only slowly deamidated by preparations capable of catalyzing rapid 
transamination (and associated deamidation) between glutamine or aspara- 
gine and various a-keto acids. In addition, the y-methylamide of a-keto- 
glutaric acid was not appreciably hydrolyzed under conditions whereby 
active transamination and methylamine formation occurred with the 
y-methylamide of glutamic acid (26). The evidence suggests that neither 
the free dicarboxylic acids nor the a-keto acids corresponding to glutamine 
and asparagine are intermediates in the reactions. It seems probable that 
transamination and deamidation occur simultaneously or as closely linked 
reactions. Although a-ketoglutaramic acid and a-ketosuccinamic acid 
were not significantly attacked by the transaminase preparations, these 
keto amides were rapidly hydrolyzed to ammonia and the corresponding 
dicarboxylic acids by other liver fractions and by homogenates of a number 
of other rat tissues. The metabolism of these compounds will be described 
in a subsequent publication. 

Although the mechanisms of the glutamine-keto acid and asparagine- 
keto acid transamination-deamidation reactions require further investi- 
gation, the evidence suggests that both glutamine and asparagine play a 
significant réle in transamination in liver.* 


SUMMARY 


1. A number of a-keto acids were found to catalyze the deamidation of 
asparagine by a rat liver preparation. 

2. The a-keto acid-stimulated deamidation of asparagine appears analo- 
gous to the a-keto acid-glutamine reaction previously described, in that 


3 The glutamine-keto acid transamination-deamidation system has thus far been 
found chiefly in liver. After selective heat destruction of glutaminase, some activity 
was observed with homogenates of rat kidney. No activity was noted with homoge- 
nates of rat brain and skeletal muscle or of hog heart. 
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Tac- deamidation of asparagine is associated with transamination leading to the 
nore formation of the corresponding a-amino acid and oxalacetic acid. 
rate 3. Transamination between asparagine and pyruvate, a-ketoisocaproate, 
leu- phenylpyruvate, p-hydroxyphenylpyruvate, a-keto-y-methiolbutyrate, a- 
nase ketobutyrate, and seven other a-keto acids occurred much more rapidly 
than transamination between aspartic acid and these keto acids. Iso- 
1 re- asparagine was only about as active as aspartic acid in transamination 
; the with a-keto-n-valerate and phenylpyruvate. Glyoxylic acid catalyzed the 
ould deamidation of asparagine and transaminated at similar rates with both 
keto asparagine and aspartic acid, yielding glycine. 
ceto- 4, Several new transamination reactions between glutamine and a-keto 


that acids have been described. These include reactions leading to tryptophan 
unds and glycine formation. 





apid 5. Equivalent inhibition of deamidation and transamination was ob- 
ara- served in the glutamine system with high concentrations of a-ketoiso- 
ceto- caproate, phenylpyruvate, and pyruvate. 
reby 6. a-Ketoisovaleric, d- and l-a-keto-8-methylvaleric, and a-ketophenyl- 
the acetic acids were inactive in the deamidation and transamination reactions 

ither of asparagine and glutamine. 
mine 7. The evidence suggests that neither the free dicarboxylic amino acids 
that nor the a-keto acids, corresponding to asparagine and glutamine, are inter- 
nked mediates in the transamination-deamidation. reactions, and that trans- 
acid amination and deamidation may occur simultaneously or as closely linked 
hese reactions. 
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STUDIES IN SERUM ELECTROLYTES 


XVIII. THE MAGNESIUM-BINDING PROPERTY OF THE SERUM 
PROTEINS* 


By BRADLEY E. COPELAND{ anp F. WILLIAM SUNDERMAN 


(From the Division of Metabolic Research, Department of Medicine, Jefferson Medical 
College, Philadelphia, Pennsylvania) 


(Received for publication, February 13, 1952) 


Evidence has accumulated from numerous sources that solutions con- 
taining protein and divalent cations of the alkaline earth series do not 
follow the laws of electrolyte distribution (7.e. Donnan equilibrium) with 
respect to ion transport or semipermeable membrane systems. Various 
investigators have explained these discrepancies by the formation of a 
complex cation proteinate. Thus, Northrop and Kunitz (20) demonstrated 
by measurement of ion transfer that, in a mixture of gelatin (10 per cent) 
and zine chloride (0.10 m), 61 per cent of the zinc was bound to the gelatin. 
These workers also showed that the ratio of the concentrations of Ca, Mg, 
K, and Zn inside and outside of a gelatin block did not agree with ratios 
calculated according to the Donnan theory and that these discrepancies 
could be accounted for by the presence of a combination of the gelatin 
with the cations. 

Greenberg and Schmidt (11) showed by their work on transport numbers 
in solutions of casein and cations of the alkaline earth group (magnesium, 
strontium, and barium) that part of the cation was held by the casein in 
the form of a complex ion. For magnesium and calcium they calculated 
the amounts that were bound per gm. of casein and noted that the maxi- 
mum amount of alkaline earth held by 1 gm. of casein tended to reach a 
maximum value which was constant and independent of the divalent cation 
used. Thus, it was postulated that when maximum amounts of alkali 
were used the complex ion, casein-alkaline earth, had a definite composi- 
tion. 

Of the cationogens present in human serum the divalent ones, calcium 
and magnesium, are not freely diffusible through a semipermeable mem- 
brane (25, 27), in contrast to the monovalent cations which are freely 
diffusible (29, 24). Of the two divalent cationogens, the base-binding 
property of calcium has been more intensively studied than magnesium. 

McLean and Hastings (17) demonstrated that most of the calcium which 
passed through the semipermeable membrane was in the ionized form. 


* Aided in part by a grant from the Office of Naval Research. 
{| Present address, New England Deaconness Hospital, Boston, Massachusetts. 
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\ 

Their data were derived from experiments in which the frog heart was used 
as a biological indicator of ionized calcium. This method is based upon 
the observations that the frog heart is sensitive to changes in concentra- 
tion of calcium ion and that solutions containing equal concentrations of 
calcium ion induce equal responses in the heart. The reaction of the frog 
heart appears to be specific for the calcium ion. Complex calcium ions 
and non-ionized calcium compounds fail to show any effect upon the frog 
heart preparation. 

Serum protein, -being amphoteric, is dissociated in the anion form at 
the pH of human serum. Calculations by McLean and Hastings (17) 
showed that in the calcium-proteinate complex the protein units acted 
as divalent anions according to the formula 


| | 

C—O-H* OH- C—O 
Be ce 

(1) R + Ca —>R Ca-2H20 

ig, EE 

C—O-H* OH- C—O 

| | 

Oo 0 


This was based on the observation that, whereas calculations assuming 
each protein unit to be divalent gave a constant dissociation value when 
applied to the mass law equation, the calculations assuming each protein 
unit to be monovalent did not give a constant value when applied to the 
mass law equation. A dissociation constant for calcium and protein (pK 
CaProt)! was calculated by these workers (17) from the mass law relation- 
ship as given in Equation 2. 


(Ca**)(Prot=) 


(2) (GaProt) ~ Koaprot 

It was assumed that 
(3) (Total Ca) — (Ca ion) = (CaProt) 
(4) (Total protein) — (CaProt) = (Prot™) 


This relationship was confirmed by Masket et al. (16) by measuring, in 
solutions containing calcium and protein, the concentrations of calcium 
and protein at selected levels after ultracentrifugation. When these values 
for calcium and protein were plotted, it was shown that the concentration 
of ionized calcium could be calculated by extrapolating the curve of the 
plotted results to zero gm. of protein. Thus, by physical means the re- 


1Prot = proteinate. 
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lationship of calcium and protein in the serum was shown to hold in ac- 
cordance with the law of mass action. 

It would seem probable that the magnesium of the serum would follow 
the same pattern as the calcium of the serum. Greene and Power (12) 
reported that in a protein-containing solution the ratio of diffusible to 
non-diffusible magnesium was approximately equal to the ratio of diffusi- 
ble to non-diffusible calcium. The per cent of total serum magnesium 
which diffuses through a semipermeable membrane has been measured by 
several investigators. Average normal values reported for diffusible mag- 
nesium range from 57 per cent (6) to 84 per cent (26), and results within 
these limits have also been reported (4, 35, 27, 15). 

The present studies were undertaken in an effort to demonstrate the 
partition of magnesium into diffusible and non-diffusible moieties in normal 
human serum, and also to determine the magnesium-binding power of the 
serum protein fractions, albumin and globulin, in normal human serum. 


Methods 


Diffusible magnesium was determined by measuring the concentration 
of magnesium in a protein-free ultrafiltrate of serum.? The magnesium 
bound to globulin was calculated as the difference between the concentra- 
tion of magnesium in the original serum and the concentration of mag- 
nesium in the same serum after precipitation of the globulins with meth- 
anol. The remaining magnesium fraction less the diffusible magnesium 
was considered to be bound to albumin. It was assumed that the mag- 
nesium remained bound to the globulin during the precipitation procedure. 
At present, there is no evidence bearing upon this assumption. 

Samples of blood were withdrawn under oil without stasis, subsequent 
to the withdrawal of 500 ml. of blood for transfusion purposes, from 
healthy, fasting, adult donors. It has been shown that the concentrations 
of serum protein and total base undergo no significant change immediately 
after withdrawal of 500 ml. of whole blood.* 

Protein-free filtrates were prepared by suction filtration through 23/32 
inch Nojax casing (Visking Corporation, Chicago) with a Greenberg- 
Gunther apparatus as modified by Rawson and Sunderman (23). 

The concentrations of magnesium in the whole serum, globulin-free 
filtrate, and ultrafiltrate of serum were measured by the Fiske and Subba- 
row (8) modification of the Briggs (5) method. After the removal of 
calcium as calcium oxalate, the magnesium was precipitated from the 
supernatant serum plus diluent and washings as MgNH,PQO,:6H2O. The 

*There is as yet no method for ionized magnesium (Mg**) comparable to the 


frog heart method for ionized calcium (Cat). 
* Unpublished work of F. William Sunderman and B. E. Copeland (1949). 
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phosphate was then determined as phosphomolybdate with 1,2 ,4-amino- 
naphtholsulfonic acid as the reducing agent. Measurements were made 
with a Bausch and Lomb colorimeter of the Duboscq type, fitted with a 
Wratten No. 24 filter and an attachable lamp. 

An aqueous magnesium standard prepared from MgSO, in a concentra- 
tion of 2.00 m.eq. per liter was quantitatively recovered with an error of 
+1 per cent by this method. A faint blue color was observed in the 
reagent blank analyses which could not be read in the colorimeter unless a 
dilute phosphate standard was prepared. Instead of making measure- 
ments directly on the blank, a constant amount of phosphate was added 
to the blank just before color development, and measurements were made 
on this solution. This procedure brings the color to be read within the 
optimum zone for reading in the visual colorimeter. The blank values for 
the total serum and ultrafiltrate of serum ranged from 0.0 to 0.2 m.eq. 
per liter; for the globulin-free serum, 0.0 to 0.4 m.eq. per liter. 

Protein nitrogen, non-protein nitrogen, and albumin nitrogen were meas- 
ured by the modification of the Parnas-Wagner-Kjeldahl method described 
by Hiller et al. (13), which was found to give in known solutions recoveries 
of 100.0 + 0.1 per cent of the theoretical value of the nitrogen standard. 
The serum globulin was precipitated by the method of Pillemer and 
Hutchinson (22) with methanol at 0° and pH 6.8. This method has been 
shown to approximate closely the albumin-globulin separation by electro- 
phoresis methods. 

The specific gravity of the serum was measured at 20° with a 5 ml. 
pyknometer. In a few cases the calculations for conversion to units per 
kilo of water were made from the formula H,O gm. per 100 ml. of serum 
= 99 — 0.08 (protein) (32). 

Magnesium and protein have been expressed in terms of serum water. 
The relationships were calculated in accordance with the equation previ- 
ously described by Sunderman (28). 

All measurements were made in duplicate. Duplicate determinations 
checked within approximately +4 per cent. 


Results 


Table I shows the raw and calculated data of seventeen normal human 
sera from which the pK magnesium proteinate was calculated. Two as- 
sumptions have been made: (a) that diffusible magnesium is in the ion- 
ized form; and (b) that, for the purpose of expressing protein in terms of 
milliequivalents per liter of serum, the pH of the serum was 7.4. 

These are the same assumptions made by McLean and Hastings (17) 
in their work on the dissociation constant of calcium proteinate. The 
average albumin-globulin ratio of our protein measurements was 1.67. 
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The mean pKygprop Was found to be 1.77, s.d. + 0.15. The magnesium 
ion (Mg**) concentrations were calculated-by the formula :derived by 
McLean and Hastings (17) for the calculation of calcium ion concentra- 
tion, with total protein and, in their case, total calcium and Kcaprot values. 
The values for (Prot=) and (MgProt) may be obtained from Equations 
5 and 6, respectively. 


(5) (MgProt) = (total Mg) — (Mg**) 
(6) (Prot) = (total protein) — (MgProt) 


These values are then substituted in the first approximation of the mass 
law equation (No. 7) 
(Mg*+)(Prot™) 


@ (MgProt) 


= Kvweprrot 


and the resulting quadratic equation solved for (Mg**), as in Equation 8. 
(8) (Mgt) = 


(total Mg) — (total P) — K + +/4K(total Mg) + ((total P) + K — (total Mg)) 
2 








When all the values are expressed as milliequivalents per kilo of H.O, the 
average value of Kygprot in Equation 8 is equal to 33.766. 

For the series of seventeen normal sera (Table I) the mean difference 
between the calculated and observed Mg** values was 0.12 m.eq. of Mgtt 
per kilo of H,O, s.d. +0.067. 

Complete analyses of six normal sera were available for the calculations 
of the magnesium-binding power of albumin and globulin. Table II gives 
the raw data, calculated magnesium and protein partitions, and the mag- 
nesium-binding power of albumin and globulin. The binding power per 
gm. of albumin was 0.013 m.eq. of Mg (s.d. +0.004) and the binding 
power per gm. of globulin was 0.008 m.eq. of Mg (s.d. +0.003). 


DISCUSSION 


From a large series of serum samples Watchorn and McCance (34, 35) 
suggested that there was a tendency for the magnesium concentration in 
the ultrafiltrate to be inversely proportional to the total serum protein. 
They demonstrated that as the concentration of total serum protein in- 
creased the ratio of diffusible magnesium to total magnesium fell. Thus, 
with serum proteins below 6 gm. per 100 ml., the ratio was 0.797, with 
proteins between 6 and 7, the ratio was 0.752, and with proteins of 7 and 
over the ratio was 0.718. 

Watchorn and McCance’s values for serum magnesium, ultrafiltrate 


‘P = protein in Equation 8. 
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magnesium, and serum protein of normal and abnormal sera (35) were 
converted to a serum water basis. By using the pKygprot derived from 
the normal sera in this study, the ionized (Mgt*) concentration was caleu- 
lated according to Equation 8 and a comparison made of the measured and 
calculated values for ionized magnesium. In their eight normal subjects 
the mean deviation of calculated ionized (Mgt*) concentrations from the 
measured ultrafiltrate magnesium was 0.09 m.eq. per kilo of H:O. Analy- 
ses of forty-three pathologic sera (Watchorn and McCance (35)) having a 
range of total serum magnesium from 1.57 to 10.34 mg. per 100 ml. of 
serum and a range of total serum protein concentration from 4.2 to 8.5 
gm. per 100 ml. of serum were also used in calculating the concentration 
of ionized magnesium according to Equation 8. The deviations of the 
calculated values from the observed values are shown in Table III. 

The six sera with deviation of calculated Mgt* from the measured Mg++ 











TaB.eE III 
Analysis of Data of Watchorn and McCance (84, 86) 
Deviation of calculated Mg*+ from observed No. of samples 
m.eq. per kg. H2O 7 
0.05 or less 14 
0.05-0.10 13 
0.10-0.15 4 
0.15-0.20 6 
0.20-0.25 5 
0.25 and over 6 





of more than 0.25 m.eq. per kilo of H,O were from patients with nephritis 
or other renal complications. 

Statistical analysis was made of the combined 68 pairs of measurements 
reported in this study and the studies of Watchorn and McCance. The 
correlation coefficient of the calculated values of Mgt+ to the observed 
values for Mg** was 0.980, with confidence limits at the 95 per cent level 
of 0.967 to 0.989. The confidence limits were established for the correla- 
tion coefficient by use of the Z transformation (Fisher (7)). Thus, the 
correlation coefficient of 0.980 obtained from the present data on mag- 
nesium is in agreement with the correlation coefficient of 0.981 obtained 
for calcium in the study of McLean and Hastings (17). 

A regression line (y = a + bx) was prepared to test the departure of 
the calculated values from the observed values. The observed regression 
line was y = 0.9962 — 0.023. 

A test of statistical significance indicates that a (—0.023) is not sig- 
nificantly different from 0, and that b (0.996) does not differ from 1 at 
the 1 per cent level of significance. It is unlikely, therefore, that there is 
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included in the concentration of Mg** any appreciable quantity of mag- 
nesium in a form other than ionized magnesium. 

The fact that the dissociation constant for magnesium proteinate 
(pKueprot) holds for serum magnesium values as high as 8.52 m.eq. per 
kilo of H,O is evidence in favor of the assumption that throughout a wide 
range of magnesium and protein values the mass law relationship operates, 

According to the equation for neuromuscular irritability, 

[Na*][K*] 


Irritability = [Me**][Ca**][H*] 





both magnesium and calcium have a depressant action as their ion concen- 
tration increases. The apparent lack of depressant action of calcium at 
high serum concentrations may be due to the formation of a calcium 
phosphate complex (9, 16), whereas the magnesium concentration at anes- 
thetic levels (4.1 to 16.4 m.eq. per liter of serum for the dog (19)) still 
has not exceeded the solubility levels of its possible serum salts and con- 
tinues to dissociate according to the mass law relationship. Greenberg 
(9) has stated that increasing the magnesium concentration of a protein- 
containing solution did not affect the ultrafiltrability of the magnesium. 

There has been some difference in the reported measurements of concen- 
tration of ultrafiltrate magnesium, and the per cent of the total magnesium 
concentration which this constitutes. Table IV gives a summary of the 
methods employed and results obtained by various investigators for normal 
human subjects. 


SUMMARY 


1. Magnesium proteinate in the serum acts as a dissociated salt, accord- 
ing to the mass law relationship. 

2. A dissociation constant for this relationship was calculated from meas- 
urements made upon seventeen normal sera. This constant, pKygeprot, 
was found to be 1.77, s.d. £0.15. 

3. This constant was used to calculate Mgt* of the seventeen normal 
sera in this study as well as eight normal and forty-three abnormal sera 
from a study of Watchorn and McCance. The coefficient for the correla- 
tion of the calculated magnesium ion values to the observed magnesium ion 
concentration was 0.980. Therefore, it is apparent that the concentration 
of magnesium ion in serum may be calculated from the concentrations of 
total magnesium and total protein of serum with a high degree of accuracy. 

4. From our data, it would appear that the diffusible magnesium in 
serum is practically all ionizable. However, it is possible that there may 
be present a small percentage of diffusible magnesium that is non-ionized. 

5. The relationship between magnesium and protein in serum has been 
shown to hold over a wide range of their concentrations. 
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g- 6. The magnesium-binding power of the serum protein fractions was 
calculated from measurements of six normal sera. The magnesium-binding 

ite power of albumin was found to be 0.0128 (s.d. +0.004) m.eq. of Mg per 

od gm. of albumin. The magnesium-binding power of the globulin was found 

de to be 0.0081 (s.d. 0.0028) m.eq. of Mg per gm. of globulin. 

es. | 
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STUDIES IN SERUM ELECTROLYTES 


XIX. NOMOGRAMS FOR CALCULATING MAGNESIUM ION IN SERUM 
AND ULTRAFILTRATES 


By MYRON J. WILLIS* anp F. WILLIAM SUNDERMAN 


(From the Division of Metabolic Research, Department of Medicine, Jefferson Medical 
College, Philadelphia, Pennsylvania) 


(Received for publication, February 13, 1952) 


Nomograms are presented for the calculation of the concentration of 
magnesium ion in both serum and ultrafiltrates of serum from measure- 
ment of concentrations of total serum protein and total serum magnesium. 
The values for the concentration of magnesium ion may be obtained as 
follows: (1) Locate the point of intersection of the vertical and horizontal 
lines through total serum protein and total serum magnesium values, re- 
spectively. (2) The concentration may then be read, or interpolated, on 
the scale of the slanting lines (see Figs. 1 and 2). 

Nomograms were derived from the equation 


((Mg]) — ((P]) — K + /4K(Mg)) + (P] + K — [Mel 
2 


where Mg** or [X] = Mg*’, [P] = total protein, [Mg] = total magnesium, 
all in milliequivalents per kilo of HO. 

This equation was shown to agree with direct measurements of mag- 
nesium ion in the preceding paper by Copeland and Sunderman (1). The 
constant, K, for this equation was based on measurements made on seven- 
teen normal individuals. On the assumption that these results may be 
extrapolated to levels observed in pathologic conditions, the nomograms 
have been extended to include values outside the range of observation. 
Satisfactory agreement with observation has also been obtained with Mgt+ 
concentrations at levels up to 6.0 m.eq. per liter of serum. 

Equation 1 is equivalent to 


(2) [X]? + (33.77 + [P] — [Mg])[X] — 33.77[Mg] = 
where 33.77 is the value of K in Equation 1 as found by Copeland and 
Sunderman (1). 

Sunderman (2) found that the weight of water in gm. per kilo of serum 


may be calculated as gm. of H:O per kilo of serum = 4225.6 — 3225.6G, 
where G is the specific gravity of the serum. 





(1) Mgt* = 





* Present address, Communicable Disease Center, United States Public — 
Service, Atlanta, Georgia. 
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SERUM ELECTROLYTES. XIX 
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Fia. 1. Calculation of concentration of magnesium ion in ultrafiltrate from meas- 
urements of total protein and total magnesium in serum. 
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Fig. 2. Calculation of concentration of magnesium ion in serum from measure- 
ments of total protein and total magnesium in serum. 
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If 


” 1000 
~ G(4225.6 — 3225.64) 
then f liters of serum will contain 1 kilo of water. 

From the data of Copeland and Sunderman (1) it is noted that the 
factor for converting Mgt per liter of ultrafiltrate to Mgt* per kilo of 
H,O is 1.004, and that 0.242 multiplied by the gm. per kilo of HO in 
serum protein gives milliequivalents per kilo of H.O in serum protein. 
Therefore, Equation 2 becomes 


(3) (1.004X)? + (33.77 + 2.42fP — fMg)(1.004X) — 33.77f/Mg = 0 





i 


where X = Mg** in milliequivalents per liter of ultrafiltrate, P = total 
protein in gm. per 100 ml. of serum, and Mg = total magnesium in milli- 
equivalents per liter of serum. 

Equation 3 is charted in Fig. 1 for fixed values of X at 0.2 intervals 
between 0.6 and 7.0 Mg** in m.eq. per liter of ultrafiltrate. The mean 
value of f for the seventeen normal sera of Copeland and Sunderman (1) 
was 1.065, s.d. = 0.003. 

For charting Equation 3, f was considered constant and taken to be 
1,065. 

Moore and Van Slyke (3) found that 
P + 343(1.007) 

ae 


Since the per cent ultrafiltrate in serum is approximately (100G — P)/G, 
then, 


G= G = 0.00292P + 1.007 


100GZ 
x = ig — P 
where Z is Mg** in milliequivalents per liter of serum. 
Hence, Equation 3 may be rewritten: 
(4) 100.4GZ 100.4GZ 
100G — P 100G — P 
Equation 4 is charted in Fig. 2 for fixed values of Z at 0.2 intervals 
between 1.0 and 6.0 Mgt* in m.eq. per liter of serum. 


y + (33.77 + 2.42 fP — fMg) ( ) — 33.77fMg = 0 


SUMMARY 
Two nomograms are presented for the calculation of magnesium ion in 
serum and in ultrafiltrates of serum, respectively, from measurements of 
total protein and total magnesium in serum. 
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SYNTHETIC ACTION OF PHOSPHATASE 


III. TRANSPHOSPHORYLATION WITH INTESTINAL AND SEMEN 
PHOSPHATASE* 


By HARRY GREEN{ anv OTTO MEYERHOF{ 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, November 21, 1951) 


As was recently shown by us (1), transphosphorylation to the common 
biological alcohols occurred with alkaline intestinal phosphatase in the 
absence of nucleotides when phosphate compounds of bond energy higher 
than that of the acceptor phosphate were present. This transphosphoryl- 
ation was at first recognized by the increased rate of synthesis of the low 
energy phosphate esters in the presence of phosphate donors compared 
with the rate of synthesis in their absence, the concentration of inorganic 
phosphate being the same. The direct transfer was further confirmed by 
the use of inorganic phosphate and the phosphate donors labeled with 
p®, These studies have now been extended to semen acid phosphatase 
and to other phosphate donors. 

Since this phenomenon of transphosphorylation depended upon the pres- 
ence of an organic phosphate of higher bond energy, we sought to determine 
whether the rate of phosphate transfer to a given phosphate acceptor was 
roughly proportional to the energy content of the phosphate bond. Ac- 
cordingly, the conditions for the maximum rates of transphosphorylation 
to glycerol were determined. Acetyl phosphate gave the highest rate, 
followed by phosphocreatine, p-nitrophenyl phosphate, phosphopyruvate, 
and adenosinetriphosphate. 

In the course of this investigation it was observed that with alkaline 
intestinal phosphatase the thermodynamic equilibrium between the ester 
phosphate, the polyalcohol, and the inorganic phosphate was never dis- 
placed and the transphosphorylation was recognizable only by its kinetics. 
With semen acid phosphatase, however, under the conditions of high con- 


* This work was aided by grants from the American Cancer Society, recommended 
by the Committee on Growth of the National Research Council, the Division of 
Research Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service, and the Williams-Waterman Fund of the Research Corpora- 
tion. Presented in part at the International Congress of Pure and Applied Chemis- 
try, New York, September, 1951. 

t Present address, Biochemical Research Division, Department of Research, Wills 
Hospital, Philadelphia, Pennsylvania. 

t Deceased October 6, 1951. 
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centrations of both enzyme and phosphate donor, more ester phosphate 
could be formed than was compatible with the thermodynamic equilibrium, 
This surpassing of the equilibrium concentration also occurred when an 
equilibrium mixture of the ester, inorganic phosphate, and polyalcohol was 
incubated with semen phosphatase in the presence of phosphate donor, 
The most effective phosphate donor, in these studies, was acetyl phos- 
phate, followed by phosphocreatine, while p-nitrophenyl phosphate was 
least effective and phosphopyruvate and adenosinetriphosphate were with- 
out effect. This ability to exceed the equilibrium concentration of the 
phosphate ester is associated with the high rates of synthesis effected by 
the phosphate donors. Glycerol was mostly used as phosphate acceptor. 
However, some of the experiments with acetyl phosphate were repeated 
with glucose, fructose, ribose, and trehalose as the phosphate acceptors. 
In all cases the corresponding esters were formed in quantities that ex- 
ceeded their respective equilibrium concentrations. 


Materials and Methods 


Radioactive Inorganic Phosphate—This compound was obtained from the 
Isotopes Division, Oak Ridge National Laboratory, through the coopera- 
tion of the Department of Radiology, University of Pennsylvania Hospital. 
Prior treatment of the material as well as the handling of the radioactive 
phosphates for counting has been described (1). 

Phosphatase—The alkaline intestinal phosphatase was purified according 
to Schmidt and Thannhauser (2) and in accordance with personal com- 
munications of Gerhard Schmidt. The semen phosphatase was crude 
semen obtained from the Naval Hospital, Bethesda, through the kindness 
of Paul Ohlmeyer and was stored in the frozen state. Prior to use the 
material was thawed and centrifuged and the supernatant fluid used. 
Phosphatase activity was determined by the procedure of Schmidt and 
Thannhauser (2) and adapted to semen phosphatase by the use of citrate 
buffer at pH 5.4. 

Phosphate Donors—Phosphocreatine and phosphopyruvate were the same 
as previously described (1). Dilithium acetyl phosphate was generously 
supplied by Fritz Lipmann and determined by the hydroxylamine method 
of Lipmann and Tuttle (3). Two preparations of p-nitrophenyl phosphate 
were used: (1) the disodium salt from the Sigma Chemical Company, 
and (2) the barium salt prepared according to Axelrod (4). Adenosinetri- 
phosphate (ATP) was the barium salt prepared by the Sigma Chemical 
Company. 

Phosphate Acceptors—The following materials were used: glycerol, Mal- 
linckrodt analytical reagent; glucose, Baker’s analyzed anhydrous powder; 
crystalline fructose, Merck; p-ribose, Schwarz; p-trehalose-2H,O, Schwarz. 











—_emei-m 62493 24 2&2 de cae 3 <3 Ga. 


i ae ae oe i ee 





ate 
1m, 


was 
10r, 


was 
ith- 
the 

by 
tor. 
ted 
ors. 


the 
ra- 
tal. 
tive 


ling 
om- 
ude 
1ess 
the 
sed. 
and 
rate 


ume 
isly 
hod 
late 
iny, 
stri- 
‘ical 


f{al- 
der; 
ard. 











XUM 


H. GREEN AND 0. MEYERHOF 349 


p-Nitrophenol, Eastman Kodak Company, was recrystallized twice from 
hot water. 

Phosphate was determined by the method of Fiske and Subbarow (5) as 
modified by Lohmann and Jendrassik (6). Wet incineration by means of 
a mixture of HpSO.-HNO; was used to decompose the stable organic phos- 
phates for analytical determination. 

Inorganic phosphate was precipitated in an ammoniacal solution by 
means of magnesia mixture. The latter was a solution containing 55 gm. 
of MgCle-6H2O and 105 gm. of NH,Cl per liter. 


EXPERIMENTAL 


All incubations were carried out at 38° in a volume varying from 0.7 to 
14 ml. 

In order to achieve the quantitative determination of the synthesized 
glycerophosphate in the presence of relatively high concentrations of the 
phosphate donor remaining at the end of the incubation, it was found 
necessary to dephosphorylate the phosphate donor and remove the inor- 
ganic phosphate formed. The basis for this analytical separation was the 
great difficulty with which glycerophosphate could be hydrolyzed. Under 
the most extreme conditions employed, as in the complete hydrolysis of 
adenylic acid described below, only 14.6 per cent of the glycerophosphate 
was split. Accordingly, at 100° and in 1 n HCl complete hydrolysis of 
phosphopyruvate was accomplished in 60 minutes, of phosphocreatine in 
30 minutes,! and of p-nitrophenyl phosphate in 90 minutes. Adenylic 
acid was completely split after 6 hours at 100° in 4 nN HCl; and acetyl 
phosphate underwent complete hydrolysis on standing overnight at room 
temperature in the ammoniacal magnesia mixture. 

The following procedure was used when phosphocreatine, phosphopyru- 
vate, or p-nitrophenyl phosphate was the phosphate donor. At the given 
time period a sample of the incubation mixture was pipetted into ice-cold 
5 to 10 per cent trichloroacetic acid (TCA), made ammoniacal with 1.0 ml. 
of 12 n NH,OH, and the inorganic phosphate precipitated by magnesia 
mixture in a total volume of 15 ml. In order to prevent appreciable 
hydrolysis of phosphopyruvate, the ammoniacal mixture was permitted to 
stand for not more than 1 hour in the cold before centrifugation; with the 
other two phosphate donors the mixture could stand at room temperature 
for as long as overnight if desired. The ammoniacal mixture was then 
centrifuged, the supernatant fluid removed by filtration through a sintered 
glass funnel, and the residue of MgNH.PO, washed onto the filter with 
two 1.0 ml. portions of 3 per cent NH,OH containing 2 drops of magnesia 


‘This procedure also dephosphorylated the non-labile organic phosphate which 
contaminated the phosphocreatine, as previously reported (1). 
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mixture. A portion of the resulting filtrate was analyzed for the unsplit 
phosphate donor by measuring the increase in the inorganic phosphate 
resulting from the hydrolysis of the phosphate donor as described above, 
For determination of the synthesized ester, 12 to 15 ml. of the above 
filtrate were adjusted to 1 N with respect to HCl by means of 12 n HC}, 
The solution was subsequently submitted to the conditions described above 
for the dephosphorylation of the specific phosphate donor. The inorganic 
phosphate was precipitated in the same test-tube and filtered quantita- 
tively through a sintered glass funnel into a 25 ml. volumetric flask. The 
resulting 25 ml. were analyzed for organic phosphate by the difference 
between the total phosphate and the inorganic phosphate. 

The foregoing procedure could not be applied to the incubation mixture 
containing acetyl phosphate because of the instability of the latter in the 
ammoniacal medium. In order to determine the amount of acetyl phos- 
phate unsplit at the end of the incubation period, a sample was pipetted 
into a solution of hydroxylamine and acetate buffer at 0° and kept there 
for 10 minutes, and then brought to room temperature. By this procedure 
the enzymatic reaction is arrested and all of the acetyl phosphate is con- 
verted to the hydroxamic acid and determined by the method of Lipmann 
and Tuttle. An alternative method was to chill the incubation sample 
with ice and add cold TCA to a final concentration of 4 per cent. The 
mixture was then neutralized to pH 6 with dilute NH,OH and the acety| 
phosphate determined as above. Both methods gave identical results. 
The determination of the amount of synthesized ester phosphate formed 
was carried out on another sample which was pipetted into TCA, made 
ammoniacal, and treated with magnesia mixture. On standing overnight 
the acetyl phosphate was completely hydrolyzed and the total inorganic 
phosphate precipitated as MgNH,PO, in a total volume of 15 ml. After 
centrifugation, filtration, and washing of the residue, the filtrate obtained 
was analyzed for organic phosphate. 

When ATP was used as the phosphate donor, a sample of the incubation 
mixture was pipetted into an equal volume of 2 N HCl and the resulting 
mixture hydrolyzed at 100° for 10 minutes. The mixture was then made 
ammoniacal with 1.0 ml. of 12 n NH,OH and the inorganic phosphate 
precipitated as MgNH,PO, in a total volume of 15 ml. The filtrate ob- 
tained after centrifugation, filtration, and washing of the residue was sub- 
mitted to the conditions for the complete hydrolysis of the adenylic acid, 
as described previously. Subsequent handling was the same as with phos- 
phopyruvate, phosphocreatine, and p-nitrophenyl phosphate. 

Rate of Transphosphorylation—The rate of synthesis of the ester phos- 
phate in the absence of phosphate donor was determined usually over a 
period of 30 minutes, during which time synthesis proceeded at a rate 
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proportional to the enzyme concentration. In this way with a high concen- 
tration of enzyme a sufficient amount of the ester phosphate was formed 
so that it could be analyzed with a high degree of accuracy. By extrapola- 
tion the rate of synthesis of the control (V1) could be compared with the 
rate of synthesis in the presence of phosphate donor (V2) for shorter periods 
of time and with various dilutions of the enzyme. The ratio of these two 
rates of synthesis of the ester phosphate is hereinafter referred to as the 
V2: Vi ratio. 


Results 


Before embarking upon the detailed study of the quantitative rate meas- 
urements of this type of transphosphorylation, we established for both 
phosphatases that the increase in rate of synthesis of ester phosphate in 
the presence of a phosphate donor was an exact expression of the amount 
of transphosphorylation. This was done by measuring the dilution of P* 
incorporated into the synthesized ester phosphate from radioactive inor- 
ganic phosphorus (Table I, B). If transphosphorylation had not occurred, 
then the specific activity of the synthesized ester phosphate would have 
been the same as that of the inorganic phosphate. The V2: V ratio, which 
isa measure of the amount of transphosphorylation, could, therefore, be 
calculated directly from the dilution of the P®? in the ester and this com- 
pared to the ratio determined from the phosphorus analysis of the ester. 
As can be seen from Table I, B, the agreement of the V2: V; ratios is perfect 
in the presence of semen phosphatase, while with intestinal phosphatase, 
the isotope method gives 20 to 30 per cent less transphosphorylation. The 
reason for this discrepancy is, at present, not known. 

After we had established the proportionality between the increase in 
rate of synthesis of ester phosphate and the amount of transphosphoryla- 
tion, the latter was exclusively determined by measuring the V2: V; ratio. 
Because of the simultaneous dephosphorylation, enzymatic and spontane- 
ous, the maximum rate of transphosphorylation depended upon the concen- 
tration of the phosphate donor as well as upon that of the enzyme. 

Rate Studies—The results of a selected series of experiments are pre- 
sented in Tables II and III for alkaline phosphatase and Tables IV and V 
for acid phosphatase and for the following phosphate donors: phospho- 
creatine, phosphopyruvate, p-nitrophenyl] phosphate, and acetyl phosphate. 
It is clear that the V2: Vi ratio is strongly dependent on the dilution of the 
enzyme and on the concentration of the phosphate donor. This partly 
stems from the fact that at the moment of the phosphate transfer a suffi- 
cient amount of the donor must be present in spite of its own hydrolytic 
dephosphorylation. The extent to which the enzyme concentration could 
be decreased was limited by the analytical accuracy with which the quan- 
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TaBLeE I 


A. Transphosphorylation to Glycerol, Studied with P** Donors (16 Minutes) 










































































| Initial molar concentrations 
Experiment | f, Phosshate d Ester 
No. weer: ee P — Phosphate formed 
acceptor donor 
With intestinal phosphatase, pH 8.5 
hag x uM per mi, 
A-9 497 Acetyl phosphate 1.49 | ‘0.48 | 0.049 4.5 
A-9A 497 “is ee 1.49 0.48 | 0.097 7.4 
N-3* 249 p-Nitrophenyl phosphate 1.48 0.45 | 0.025 2.1 
With semen phosphatase, pH 5.8 
Al 447 | Acetyl phosphate 1.49 | 0.43 | 0.015 | 4.7 
A-1A 447 +s +f 1.49 0.48 | 0.031 9.4 
N-5 314 p-Nitrophenyl phosphate 1.10 0.41 0.021 6.3 
PP-8 256 Phosphopyruvate 1.18 0.45 | 0.022 | 2.2 
PP-9F 388 - 1.94 0.45 | 0.025 | 3.8 
B. Specific Activities 
Counts per min. per y P 
VeVi 
Experiment No. Inorganic P | Ester P 
0 min. 15 min. | 15 min. From counts | From P initeis 
With intestinal phosphatase, pH 8.5 
A-9 707 234 3.1 4.4 
A-9A 666 138 4.8 7.3 
N-3 482 461 72 6.5 8.1 
With semen phosphatase, pH 5.8 
A-1 926 865 187 4.6 4.7 
A-1A 926 823 104 8.0 9.4 
N-5 625 583 78 7.6 7.0 
PP-8 1240 1160 397 2.9 3.0 
PP-9 775 726 254 2.9 2.9 








* Time of incubation, 7.5 minutes. 
{ Fructose was the phosphate acceptor. 
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TaBe II 

) '  Transphosphorylation to Glycerol in Presence of Alkaline Intestinal Phosphatase; 
a Effect of Varying Concentrations of Enzyme 

Conditions, glycerol, 1.3 to 1.5 M; inorganic phosphate, 0.43 to 0.45 M; pH 8.5; 
~~ gycerophosphate formed in the absence of phosphate donor, 2.0 to 3.0 um per ml. 
per 30 minutes; equilibrium concentration of glycerophosphate, 18.6 um per ml. 















































B54 Enzyme Phosphate donor “on of Time deco ety V2:Vi 
war anie, 9" um per ml.| min. | per cent |um per ml. 
5 1 240 | Phosphocreatine 115 15 14 4.03 8.4 
4 120 ee 115 15 11 2.45 | 10.5 
1 60 A 115 15 9 1.87 | 16.0 
ae 2 497 | Phosphopyruvate 46.8 | 15 9.60 9.9 
248 * 46.8 | 15 6.71 12.7 
124 as 46.8 | 15 30 5.05 | 17.6 
— 62 s 46.8 | 15 24 2.40 | 16.7 
7 3 249 | p-Nitrophenyl phosphate 99.5 | 7.5 6.95 | 27.4 
4 124 sy * 99.5 | 7.5 | 20 4.30 | 34.2 
3 62 ee “ 99.5 | 7.5) 19 1.85 | 39.6 
2 31 $8 99.5 | 15 19 2.80 | 44.3 
8 4 | 497 | Acetyl phosphate 97.4 | 15 8.55 | 8.6 
oil 248 - a 74.5 | 15 7.93 | 13.9 
124 sa ee 74.5 | 15 26 7.30 | 25.4 
62 ok ie 74.5 | 15 22 4.20 | 29.4 
TaBLe III 
— Transphosphorylation to Glycerol in Presence of Alkaline Intestinal Phosphate; Effect 
lysis of Varying Concentrations of Phosphate Donor 
=e Conditions as for Table IT. 
_ hang Enzyme Phosphate donor “ion of Time decom. —_— V2: Vi 
wae" sa uM per ml.| min. | percent |um per ml. 
yy z 14 | Phosphocreatine 450 7.5 1.58 | 71.0 
2 497 | Phosphopyruvate 23.2 | 15 6.25 6.0 
497 es 46.4 | 15 9.60 9.9 
= 14 4 457 7.5 57.0 
3 249 | p-Nitrophenyl phosphate 24.9 | 7.5 2.05 8.1 
249 4 " 49.8 | 7.5 3.14 | 12.9 
249 ee 99.6 | 7.5 6.95 | 27.4 
14 ¢ ¥¢ 450 7.5 2.00 | 90.0 
4 497 | Acetyl phosphate 48.7 | 15 50 4.16 4.2 
— 497 Js “ 97.4 | 15 8.55 8.6 
497 - Ke 195 15 12.4 12.3 
14 . si 450 7.5 2.52 | 113 
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tity of synthesized ester phosphate could be determined. Except for 
p-nitrophenyl phosphate in the presence of acid phosphatase, the indi. 
vidual V2:V; ratios changed very little with dilution of the enzyme, the 
concentration of the donor being constant (Tables II and IV). With low 
concentrations of p-nitrophenyl phosphate (22 um per ml.), however, the 
V2:Vi ratio increased 15-fold (9.2 to 150) as the concentration of the 
semen phosphatase was decreased 16-fold (227 to 14 units per ml.) (Table 
IV). On the other hand, with low enzyme concentrations the individual 
V2: V, ratios increased markedly with an increase in the concentration of 


TaBLe IV 
Transphosphorylation to Glycerol in Presence of Acid Semen Phosphatase; Effect of 
Varying Concentrations of Enzyme 
Conditions, glycerol, 1.3 to 1.5 M; inorganic phosphate, 0.43 to 0.45 mM; pH 58: 
glycerophosphate formed in the absence of phosphate donor, 2.0 to 2.3 uM per ni. 
per 30 minutes; equilibrium concentration of glycerophosphate, 9.4 um per ml. 


























a Enzyme Phosphate donor “ion of Time decom pony Ve: Vi 
ox tesa uM per ml.| min. | per cent |\um per ml. 
1 135 | Phosphocreatine 100 | 15 11 6.60 26.4 
67 rf 100 15 10 4.20 | 33.6 
2 516 | Phosphopyruvate 69 15 3.17 6.3 
129 s 69 15 13 2.47 10.0 
65 3 69 15 1.80 | 14.4 
3 314 | p-Nitrophenyl phosphate 21 15 6.30 6.8 
227 vi ee 22 | 15 95 7.20 9.2 
14 f 22 7.5 | 34 2.42 | 150 
4 56 | Acetyl phosphate 84 | 15 43 8.35 65 
28 Be 84 4.05) 24 3.30 | 100 
14 xe va 84 | 15 24 3.30 | 100 














the donor phosphate, the enzyme concentration being kept constant, or 
lowered (Tables III and V). In the case of p-nitrophenyl phosphate with 
acid phosphatase, increasing the donor concentration from 43.8 to 450 
uM per ml. caused a 58 per cent decrease in the V2:V, ratio (Table V). 

Thus, the V2:V; ratios with acid phosphatase were higher than with 
alkaline phosphatase, and, in both cases, the highest values were given by 
acetyl phosphate and the lowest by phosphopyruvate. 

The peculiar results with p-nitrophenyl phosphate could be attributed 
to the fact that, although the ester itself was not harmful, the nitrophenol 
formed in the reaction inhibited the enzyme.? (Evidence for this will be 
presented later.) With increasing concentrations of the ester more nitro- 


* This would explain the recent observations of Seligman et al. (7) in their use of 
p-nitrophenyl phosphate as a substrate for phosphatase activity. 
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phenol was formed per unit time, resulting in the enhancement of the 
degree of inhibition. } 

Early experiments with adenosinetriphosphate (40 um of 7 minute P 
per ml.) in the presence of alkaline intestinal phosphatase had given nega- 
tive results. However, by increasing the concentration to 100 um of 7 
minute P per ml., it was shown that ATP also participated in the trans- 
phosphorylation to glycerol. Because of the technical difficulties of de- 
termining small quantities of glycerophosphate in the presence of large 
quantities of the stable adenylic acid, maximum rates have not been de- 
termined. On the basis of one experiment, nevertheless, in the presence 
of alkaline phosphatase, the rate of transphosphorylation to glycerol by 


TABLE V 


Transphosphorylation to Glycerol in Presence of Acid Semen Phosphatase; Effect of 
Varying Concentrations of Phosphate Donor 


Conditions as in Table IV. Enzyme, 14 units per ml. throughout. 











B.. 64 Phosphate donor “ion of Time deco —_— V2: V1 
uM per ml. min. per cent | um per ml. 

1 Phosphocreatine 450 7.5 4.70 75 

ne 450 15 5.70 175 

- 450 7.5 4.53 286 

2 Phosphopyruvate 457 7.5 2.42 75 

3 p-Nitrophenyl phosphate 21.9 7.5 34 2.42 150 

ee “¢ 43.8 7.5 40 4.15 258 

ef ‘§ 450 7.5 1.78 109 

4 Acetyl phosphate 84 15 24 3.30 100 

s ut 255 7.5 30 5.60 342 

he es 450 7.5 30 15.0 706 























ATP was somewhat lower than the rates with the other phosphate donors. 
In the presence of semen phosphatase, on the other hand, it was markedly 
less effective than with alkaline phosphatase. Moreover, with a partially 
purified preparation of semen phosphatase,’ ATP was still less effective, 
and it appears that further purification of the enzyme would result in the 
complete removal of the ability of ATP to transphosphorylate to glycerol. 

Displacement of Equilibrium—The ability of the phosphate donors to 
form glycerophosphate in excess of the equilibrium concentration was in- 
vestigated by determining the amount of ester produced under two sets of 
conditions: (1) incubation of a mixture of glycerol, inorganic phosphate, 
enzyme, and phosphate donor; and (2) incubation of the mixture in (1) 
to which had been added an amount of glycerophosphate equal to the 
equilibrium concentration that would be attained in the absence of phos- 


* An 18-fold purification according to an unpublished method of Ohlmeyer. 








356 SYNTHETIC ACTION OF PHOSPHATASE. III 


phate donor. This phenomenon of exceeding the equilibrium concentra- 
tion of the ester depended upon the presence of relatively high concentra- 
tions of both enzyme and phosphate donor, and became more pronounced 
with increasing concentrations. The results of experiments designed to 
study these effects are given in Tables VI and VII. Whereas phospho- 
pyruvate did not cause an overstepping of the equilibrium concentration, 
phosphocreatine and acetyl phosphate did accomplish this to a marked 


Taste VI 
Transphosphorylation to Glycerol; Excess of Equilibrium Concentration in Absence of 
Added Glycerophosphate 
Initial conditions, glycerol, 1.2 to 1.4 mM; inorganic phosphate, 0.43 mM; semen 


phosphatase, 450 to 540 units per ml.; pH 5.8. Equilibrium concentration of glycero- 
phosphate, 9.4 um per ml. 


























a Phos- | Total ester 
‘meat Phosphate donor phate Time a donor Equilibciom. iooreht 
“— min. “FT er | per cent der cent 

1 | Phosphocreatine 100 15 | 16.5] 33 1.75 47 

3 452 15 | 46.2 4.80 

ve 452 30 | 72.9 7.50 

if 452 45 | 92.0 9.50 

2 | Phosphopyruvate 68.5 | 15 3.17 

3 | p-Nitrophenyl phosphate | 88 15 | 12.0 | 66 1.30 19 
e - 103 15 14.8 | 65 1.50 21 
te 7 215 15 8.4 | 29 12 
4 | Acetyl phosphate 81 15 | 14.9*| 68 1.59 27 
S si 81 15 | 20.5f| 81 2.18 31 
s he 81 15 | 24.6} 91 2.62 33 
A 159 15 | 57.8 | 938 6.15 39 
ee 3 434 10 | 160.0 | 70 17.0 50 
ee rs 434 15 | 179.3 | 84 19.0 49 




















* Enzyme, 112 units per ml. 
+ Enzyme, 223 units per ml. ° 


degree, forming, respectively, 9.5 and 19 times the equilibrium concentra- 
tion of glycerophosphate (Table VI). The corresponding values obtained 
under the second set of conditions, Table VII, were 7.0 and 17.0, showing 
good agreement with the above values. The values given in the last 
column of Tables VI and VII are a measure of the efficiency of trans- 
phosphorylation in terms of the per cent of phosphate donor transferred 
relative to the total amount that was split during the incubation. Thus 
values as high as 50 per cent have been attained, indicating that for every 
mole of phosphate donor that disappeared by hydrolysis 1 mole simul- 
taneously transphosphorylated to a mole of glycerol. 
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This effect of surpassing the equilibrium concentration is clearly the 
resultant of at least two reaction rates: (a) the rate of synthesis, and (b) 
the rate with which glycerophosphate is split. Fig. 1 shows that the rate 
of hydrolysis of 0.050 m glycerophosphate in the presence of 0.48 m inor- 


TaBLeE VII 
Transphosphorylation to Glycerol; Excess of Equilibrium Concentration in Presence 
of Added Glycerophosphate 
Initial conditions, glycerol, 1.2 to 1.4 mM; inorganic phosphate, 0.43 M; semen 
phosphatase, 540 units per ml.; pH 5.8; a-glycerophosphate, 11.6 to 12.6 wM per ml. 








Ex. | | Phos | 














| Phos- | Total ester | 
S Phosphate donor | mane | Time . = Sonor coneentation| andere 
0. | | sp it 
| meg - | min. ons - pee | per cent 
1 | Phosphocreatine 15 12.0 1 
‘? | 108 | 15 26.0) 33| 2.2 39 
re | 108 | 30 33.8) 51 2.8 40 
4 (108 | 45 35.4, 63| 3.0 | 34 
“ | 452 | 15 55.0 4.7 | 
+g | 452 | 30 .| 70.0 6.0 | 
«“ | 452 | 45 82.5 7.0 > | 
2 | Phosphopyruvate | 5 12.3 1 | 
s | 33.0) 5 12.3} 15 1 
as | 33.0) 15 12.3) 23 1 
“ | 33.0) 30 12.8 1 
3 | p-Nitrophenyl phosphate | 5 11.9 | 
“" si | 92 5 25.8] 57 2.17 27 
“ | 92 | 15 25.9) 59 2.18 
“ « | g2 | 30 28.2; 60 | 2.37 
4 | Acetyl phosphate | 5 12.9 1 | 
“ us | 94.6] 5 31.0} 56 2.4 34 
“ “ | 94.6) 15 43.5, 91| 3.4 34 
; ‘ | 94.6) 60 34.2; 99| 2.7 22 
ce se | 450 | 10 187 13.6 
: " | 450. | 20 206 17.0 | 
" . | 450 | 40 177 14.5 | 
“ “ |450 | 22 (hrs.) | 124/100] 1 | 

















ganic phosphate, 500 units per ml. of semen phosphatase, and 1.5 m glycerol 
was only 7 per cent or 3.5 uM per ml. during the first 10 minutes. Under 
similar experimental conditions, but with acetyl phosphate present, 35 to 
190 um per ml. of glycerophosphate were synthesized in 10 minutes, the 
amount depending upon the concentration of the added phosphate donor 
(Table VII). This comparison of the relative rates demonstrates that in 
the presence of acetyl phosphate the rate of synthesis of glycerophosphate 
greatly exceeded the rate of splitting, thereby resulting in the net produc- 
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tion of ester phosphate in excess of the equilibrium concentration. This 
excess, moreover, is only temporary, for, after complete exhaustion of the 
phosphate donor, the system returned, in the course of time, to the con- 
ditions of thermodynamic equilibrium (Table VII, Experiment 4). It is, 
therefore, not even necessary to assume a competition between the acety] 
phosphate and the glycerophosphate for the phosphatase which would 
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Fig. 1. Rate of hydrolysis of glycerophosphate in excess of the equilibrium con 
centration. Initial conditions, glycerol, 1.48 M; inorganic phosphate, 0.48 M; a- 
glycerophosphate, 49.6 um per ml.; semen phosphatase, 530 units per ml.; pH 6. 
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inhibit the splitting of the latter ester. This, however, may be a con- 
comitant factor. 


The results with p-nitrophenyl phosphate were unexpectedly low in 


view of its relatively high rate of transphosphorylation to glycerol in the | 


presence of semen phosphatase. Moreover, in the absence of added glyc- 
erophosphate there was only a 50 per cent excess of the equilibrium concen- 
tration, while in the presence of added glycerophosphate a 100 per cent 
excess resulted with p-nitrophenyl phosphate. The reason for this dis- 
parity is readily understood from an examination of the results with 
p-nitrophenyl phosphate in Table VII. The significant constancy of values 
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for the three different time periods indicated a stopping of the reaction 
after 5 minutes and suggested that the p-nitrophenol which was formed 
(53 ym per ml.) from the splitting of the phosphate donor completely 
inhibited the phosphatase. It was further shown, Table VIII, that 32 
ym per ml. of p-nitrophenol inhibited the transphosphorylation to glyc- 
erol by acetyl phosphate by 40 to 50 per cent. This inhibitory property 
of p-nitrophenol was firmly established by noting its effect upon the activity 
of both intestinal and semen phosphate under the assay conditions of 


TaB_eE VIII 
Effect of p-Nitrophenol upon Transphosphorylation to Glycerol by Acetyl Phosphate 
Initial conditions, glycerol, 1.25 mM; inorganic phosphate, 0.477 mM; semen phos- 
phatase, 585 units per ml.; a-glycerophosphate, 11.0 um per ml.; p-nitrophenol, 32 
ym per ml.; acetyl phosphate 93.5 um per ml.; pH 5.8. A, control, no nitrophenol, 
no acetyl phosphate; B, no nitrophenol; C, no acetyl phosphate; D, complete system. 








. * Acetyl xe eter — theese 
Experiment Time Total ester phosphate split Eaullibeinn Inhibition 
min. pM per ml. per cent per cent 
A 5 10.4 
B 5 31.8 58.6 3.27 
C 5 10.4 
D 5 17.8 35.5 1.71 49 
A 10 10.2 
B 10 41.3 80.5 3.96 
C 10 9.8 
D 10 21.6 53.0 2.08 47 
A 15 
B 15 41.3 91.3 3.96 
C 15 
D 15 25.2 57.5 2.42 39 




















Schmidt and Thannhauser. The results are plotted in Fig. 2 and show 
that both enzymes were inhibited and that the inhibition of alkaline phos- 
phatase was more pronounced than that of acid phosphatase. The addi- 
tion of Mgt+, which increased the activity of the alkaline phosphatase, had 
little effect on the inhibition. Thus the disparity in the results obtained 
with p-nitrophenyl phosphate could be explained. In the absence of added 
glycerophosphate the accumulation of p-nitrophenol as a result of the 
splitting of its ester effectively prevented the overstepping of the equi- 
librium concentration of glycerophosphate by inactivating the enzyme. 
In the presence of added glycerophosphate, p-nitrophenyl phosphate pro- 


*‘Mg** had no effect upon the activity of the semen phosphatase. 
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Fig. 2. Inhibition of intestinal and semen phosphatase by p-nitrophenol. Con- 
ditions, Schmidt and Thannhauser assay procedure; for intestinal phosphatase, pH 


8.5, 15 minutes; for semen phosphatase, pH 6.2, 15 minutes. 
semen; @, intestinal + Mgt. 


TABLE IX 


O, intestinal; x, 


Transphosphorylation to Sugars by Acetyl Phosphate; Excess of Equilibrium 


Concentration in Absence of Added Ester 


Initial conditions, inorganic phosphate, 0.43 M; enzyme, semen phosphatase; pH 
5.8. Time, 15 minutes. 








Equilib- Acetyl 
Enzyme | Acceptor sugar Phpsphate ee me, eee 
of ester pos 
— uM per ml. M uM per ml.ium per ml.| per cent 
380 Glucose 92 2.00 5.50 17.9 85 
380 Fructose 92 2.00 8.15 16.6 87 
450 Ribose 96 2.46 4.88 24.1 73 
409 Trehalose 96 1.24 5.16 8.8 90 
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duced more ester by transphosphorylation to glycerol before p-nitrophenol 
accumulated in quantities sufficient to stop the reaction.® 

Experiments similar to those already described for semen phosphatase 
were carried out with intestinal phosphatase at pH 8.5. In all cases there 
was no displacement of the equilibrium. 

The results in Table [X show that acetyl phosphate by transphosphoryla- 
tion to glucose, fructose, ribose, and trehalose formed the corresponding 
esters in quantities that also exceeded the respective equilibrium concen- 
trations. 

With the partially purified preparation of semen phosphatase the ability 
of both acetyl phosphate and p-nitrophenyl phosphate to exceed the equi- 
librium concentration of glycerol phosphate by transphosphorylation was 
not affected. 


DISCUSSION 


_ The V2: V; ratios reported in this investigation should not be construed 

as representing the absolute maxima obtainable. If, however, the concen- 
tration of the phosphate donor was further increased or the time of incuba- 
tion shortened, then the experimental difficulties increased so much that 
the results became inaccurate. Nevertheless, it is safe to assume that the 
relative order of the highest V2: V; ratios for the various phosphate donors 
would remain roughly the same. The general trend, moreover, is signifi- 
cant and shows that the rates of transphosphorylation to glycerol by the 





‘ 


Con- _ phosphate donors given were markedly higher in the presence of acid 
PH | semen phosphatase than with alkaline intestinal phosphatase. The results 


|; X+ | indicate that there is no proportionality between the V2: V; ratios and the 


energy content of the phosphate bond. The lowest values were given by 
phosphopyruvate (AF° = —14.8 kilocalories, pH 8.4), and the highest by 
acetyl phosphate (AF° = —15 kilocalories, pH 7), while phosphocreatine 


n (4F° = —11.5 kilocalories, pH 7.7) (8) and p-nitrophenyl phosphate (AF° 
= —5 kilocalories, pH 9.6)° gave intermediate values. 
>; pH Thus, the relative magnitudes of the rates of transphosphorylation to 


__ | glycerol cannot be explained on the basis of the phosphate bond energy 
ib alone. Rather it would seem that the relative affinity of the individual 
rium | phosphate donor for the enzyme and the activity of the resulting enzyme 


ration 





’ The inhibition of phosphatase by p-nitrophenol probably explains the observa- 

tion by Axelrod (4) who found that the methyl phosphate formed with acid citrus 
3 phosphatase by the transfer of phosphate from p-nitrophenyl phosphate to methyl 
0 alcohol apparently was not split under the experimental conditions. 
8 ‘ p-Nitropheny] phosphate is an enol phosphate and according to the calculations 
7 of Oesper (9) and the measurements of the heat of enzymatic hydrolysis by Ohlmeyer 
at and Satas (10), must be regarded as a high energy compound of intermediary range 
(AF° = —§000 calories). 
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substrate complex play important réles in the speed factor.. The validity 
of this has been partly established by measuring the relative activity of 
the phosphatase acting upon the donor phosphates as substrates under 
the enzyme assay conditions of Schmidt and Thannhauser (2). The results 
show that phosphopyruvate and p-nitrophenyl phosphate were split at 
about the same rate as B-glycerophosphate in the presence of intestinal 
phosphatase at pH 8.5, while acetyl phosphate was too unstable at this 
pH to permit an exact measure of enzymatic split. With semen phos- 
phatase at pH 5.4, phosphopyruvate and adenosinetriphosphate were prac- 
tically unattacked, p-nitrophenyl phosphate was split at about the same 
rate as glycerophosphate, and acetyl phosphate was split almost twice as 
fast. 

The exceptional behavior of ATP is noteworthy. The fact that its 
slight ability to transphosphorylate to glycerol in the presence of crude 
semen phosphatase was measurably decreased by an 18-fold purification 
of the enzyme suggested the presence of a contaminating kinase that is 
specific for the ATP. Especially is this true, since the transphosphorylat- 
ing capacities of acetyl phosphate and p-nitrophenyl phosphate were not 
affected. 

For transphosphorylation to occur it seems necessary that both the 
phosphate donor and acceptor react with the same enzyme molecule at the 
same time. One probably can decide by way of these transphosphoryla- 
tions whether several substances are split by the same phosphatase mole- 
cule. This seems to be the case for the phosphate donors herein reported 
with the exception noted. 

In order to explain the ability of the phosphate donors to produce, by 
transphosphorylation, ester phosphates in excess of their equilibrium con- 
centrations, it is necessary to consider the maximum V2:V; ratios. Judg- 
ing from the fact that in the presence of acid semen phosphatase at pH 5.8 
phosphopyruvate with a V2:V; ratio of 75 did not cause an overstepping 
of the equilibrium concentration of glycerophosphate, and that p-nitro- 
phenyl phosphate, phosphocreatine, and acetyl phosphate with respective 
ratios of 258, 286, and 706 did accomplish this overstepping, we believe 
this phenomenon to be associated with a high rate of synthesis. In the 
case of p-nitrophenyl phosphate the unexpectedly low results as well as 
the lack of agreement in the values obtained under the two sets of experi- 
mental conditions could be explained by the inhibitory properties of p-nitro- 
phenol which was formed during the reaction. 


SUMMARY 


The transphosphorylation to biological alcohols, previously shown to 
occur with alkaline intestinal phosphatase in the absence of nucleotides, 
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has been extended to acid semen phosphatase and to other phosphate 
donors of high ene gy content, p-nitrophenyl phosphate and acetyl phos- 
phate. 

Maximum rates of transphosphorylation to glycerol have been deter- 
mined with phosphocreatine, phosphopyruvate, p-nitrophenyl phosphate, 
and acetyl phosphate as the phosphate donors. The highest rates were 
given by acetyl phosphate and the lowest by phosphopyruvate. Higher 
rates were obtained in the presence of semen phosphatase than with in- 
testinal phosphatase. 

ATP was shown to participate in the transphosphorylation of glycerol 
in the presence of alkaline phosphatase to a smaller extent than did the 
other phosphate donors. In the presence of semen phosphatase it was less 
effective than with alkaline phosphatase. 

The differences in rates of transphosphorylation to glycerol could not be 
explained by the energy content of the phosphate donor alone; rather it 
seems that the relative affinities of the phosphate donors for the enzyme and 
the activity of the resulting substrate-enzyme complex play an important 
réle in the speed factor. 

In the presence of acid semen phosphatase various phosphate donors by 
transphosphorylation to glycerol produced glycerophosphate in excess of 
its equilibrium concentration. This phenomenon was investigated under 
two sets of conditions: (1) incubation of a mixture of glycerol, inorganic 
phosphate, and phosphate donor; and (2) incubation of the mixture in (1) 
to which had been added an amount of glycerophosphate equal to the 
equilibrium concentration that would be attained in the absence of phos- 
phate donor. The most effective phosphate donor, in this respect, was 
acetyl phosphate, followed by phosphocreatine, while p-nitrophenyl phos- 
phate was effective only to a small extent and phosphopyruvate and adeno- 
sinetriphosphate were without effect. 

In the presence of purified alkaline intestinal phosphatase, the phosphate 
donors failed to produce glycerophosphate in excess of its equilibrium 
concentration. 

Acetyl phosphate by transphosphorylation of glucose, fructose, ribose, 
and trehalose formed the corresponding esters in quantities that exceeded 
the respective equilibrium concentrations. 

The inhibition of alkaline intestinal and acid semen phosphatase by 
p-nitrophenol was described. 
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CARBONATE AND FATTY ACIDS AS PRECURSORS OF 
AMINO ACIDS IN CASEIN* 


By ARTHUR L. BLACK,t MAX KLEIBER, anp ARTHUR H. SMITH 


(From the College of Agriculture, University of California, Davis, California) 
(Received for publication, December 12, 1951) 


The classification of amino acids as essential and non-essential resulted 
from feeding experiments with rats and dogs (1). Similar studies have 
been made with the chick (2) and with man (8). The results of these 
experiments have been consistent between the species with the exception 
of one or two amino acids. 

Ruminants apparently do not require “‘essential’’ amino acids in their 
food. Growing sheep have maintained a normal growth rate on a diet 
in which urea provided 50 per cent of the nitrogen (4). Urea has also 
been found to be a satisfactory protein substitute for lactating cows when 
furnishing 50 per cent of the dietary nitrogen (5). Ruminants fed a diet 
in which urea was the only nitrogen source continued to gain weight dur- 
ing the experimental period of more than 3 months (6). These results 
demonstrate that “‘essential’’ amino acids are being formed and it seems 
most plausible that the rumen microorganisms are responsible for this bio- 
synthesis. However, the possibility remains that, aside from microorgan- 
isms, ruminant tissues themselves may be able to synthesize amino acids 
that are dietarily essential for other species. 

Injecting C'*-labeled precursors into the blood of cows, we have obtained 
evidence that cow’s tissues synthesize appreciable quantities of only those 
amino acids that are non-essential for the dog and rat. 


Methods 


Lactating Jersey cows were injected intravenously in five separate trials 
with the following metabolites, each containing 5 me. of C"!: bicarbonate 
(NaHC¥O;), acetate (CH;C“OONa) and C“H;COONa, propionate 
(CH;CH.,C“OONa), and butyrate (CH;CH,CH,C“OONa). The tech- 
nique for administering the isotope has been described elsewhere (7). At 
3 hours and 10 hours following the injection of the C“ metabolites, the 
cows were milked and the casein was isolated from each milk sample. 


* This project was supported by the United States Atomic Energy Commission. 

+ The data reported in this paper were taken from a thesis submitted by A. L. 
Black to the Graduate School of the University of California in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy in Comparative Physiology, 
September, 1951. 
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Only the amino acids isolated from the 10 hour casein samples are con- 
sidered in this paper. 

The casein was precipitated from the skim milk at its isoelectric point 
with 1 N acetic acid and was filtered, washed, and resuspended in 10 per 
cent ammonium hydroxide. This procedure was repeated a second time 
and the casein was finally precipitated a third time. The sample was 
then washed three times with water, 95 per cent ethanol and ether, and 
finally was air-dried by being spread on a large filter paper. 

3 gm. of the purified casein were hydrolyzed with 30 ml. of 6 nN HCl 
in an autoclave at 15 pounds pressure for 16 hours. The hydrolysate 
was decolorized with 1.5 gm. of Norit and the excess HCl was removed 
by vacuum distillation. 

The amino acids of the casein hydrolysate were separated on a cation 
exchange column of Dowex 50 (250 to 500 mesh size). A quantity of 
hydrolysate representing 1.5 gm. of original casein was added to a Dowex 
column 3.3 cm. in diameter and 100 cm. in length. The amino acids were 
eluted with HCl delivered with a hydrostatic pressure of 110 cm. This 
produced an initial flow rate of about 0.4 ml. per minute. The initial 
concentration of the HCl was 1.33 N and this was changed to 2.0 N after 
glutamic acid was collected, to 2.5 n following alanine, and finally to 3.5 
N after leucine was eluted. The order of elution of amino acids from the 
column was the same as that reported by Stein and Moore (8) except for 
arginine, which in our column emerged after phenylalanine. The effluent 
from the ion exchange column was fractionated at 20 minute intervals 
during the time the amino acids were emerging. Each fraction was 
checked for purity by paper chromatographic methods with either phenol- 
water or butanol-acetic acid as solvents. Pure fractions containing only a 
single amino acid were pooled, reduced in volume by vacuum distillation, 
and divided into two parts. One part of each amino acid sample was oxi- 
dized to CO, by the persulfate-wet combustion method (9) and the remain- 
ing part of each sample was decarboxylated with ninhydrin. The CO, 
produced by each of these methods was collected in alkaline BaCl, and 
the resulting BaCO; assayed by a method described by Kleiber and Edick 
(10) to determine the specific activity (microcuries of C™“ per mole of 
carbon) for each amino acid and, in addition, its carboxyl group. 


RESULTS AND DISCUSSION 


The relative specific activity of each amino acid isolated from the casein 
hydrolysate is recorded in Table I as microcuries per mole of carbon per 
microcurie injected per kilo of body weight. Omissions in Table I have 
resulted because samples were discarded when found to be contaminated 
with overlapping fractions of other amino acids. 
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The amino acids are divided according to their C contents and on this 
basis they form two distinct groups. All of the amino acids in Group I 
have consistently incorporated C™ at a higher level than the amino acids 
in Group II. This disparity reflects the relative magnitude at which the 


TaBie I 
C4 in Amino Acids Isolated from Casein 10 Hours after Intravenous Injection of 
C'4-Labeled Precursors into Dairy Cows 
The specific activities of the amino acids are given as microcuries per mole of 
carbon per microcurie injected per kilo of body weight. 

















C-labeled precursor 
Group No, Amino acid : ‘i 
nacvo, | eases: | Aesate Propigonte-| Ratyrate 
I Alanine 37.2* 19.8 79.0 27.7 91.3 
Aspartic acid 25.9 113.2 139.0 72.1 122.0 
Arginine 10.2 17.8 23.7 
Glycine 4.4 7.1 13.2 42.1 141.1 
Glutamic acid 19.0 240.9 231.0 45.8 182.6f 
Proline 5.4 64.4 52.2 25.2 29.9 
Serine 29.7 32.3t 61.7 
II Histidine 2.1 0.0 0.0 0.0 0.0 
Leucine 5.1 2.6 0.8 2.4 0.33 
Lysine 1.4 2.2 0.4 1.2 0.91 
Methionine 1.4 5.8 
Phenylalanine 3.2 0.2 2.8 2.6 
Tyrosine 1.0 3.2 0.4 2.0 0.5§ 
Valine 1.9 2.4 0.4 1.4 1.8]| 
ELV OVORVHAUGE oss. cis sc ae nee eats 9.1 60.2 66.0 57.8 




















* This corresponds to a net counting rate of 161 c.p.m. above the background 
(background, 18 to 19 c.p.m.). 

{+ Small serine and threonine contamination. 

t Contaminated with threonine. 

§ Contaminated with some leucine and lysine. 

|| Some alanine present. 


amino acids of the two groups are being synthesized from the compounds 
injected. 

The relatively high radioactivity in the amino acids of Group I indi- 
cates that they are synthesized in the cow at a relatively high rate. This 
group contains the same amino acids that are non-essential for rats and 
dogs. The remaining amino acids which contain only low levels of C 
are those that are essential amino acids for dogs and rats. The one ex- 
ception in this group is tyrosine, which is generally non-essential because 
of its formation from phenylalanine (11). However, because phenyl- 
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alanine is not biosynthesized appreciably in the cow, the pathway via 
phenylalanine cannot result in a transfer of C“ from the fatty acids to 
tyrosine, and consequently the latter is included with the essential amino 
acids by our technique. 

Histidine is an essential amino acid for the rat and dog but is non- 
essential for man. Our results indicate that the cow does not synthesize 
histidine from the fatty acids, though some C" is recovered in histidine 
after administering labeled bicarbonate. A comparison of the specific 
activity of the histidine carboxyl carbon (15.7 we. per mole of carbon) 
with the specific activity for the whole molecule (2.1 ye. per mole of 
carbon) reveals that all the C“ can be accounted for in the carboxy] 
carbon. Furthermore, traces of C“ are recovered from the carboxy] car- 
bon of histidine in two other cases, following the injection of carboxy!- 
labeled acetate and butyrate, though no C™ is detected when the whole 
molecule undergoes combustion (Table I). This result could be obtained 
if the remaining 5 carbon atoms of histidine contain only C”, which 
dilutes the small quantity of C“ in the carboxyl carbon to a level below 
the sensitivity of our detection apparatus. Finding the C™ only in the 
carboxyl carbon suggests that a reversible decarboxylation is responsible 
for the C“ found in the histidine which would constitute only an exchange 
of carbon and therefore no net synthesis of this amino acid. The wide- 
spread occurrence of decarboxylating enzymes for histidine in mammalian 
tissue (12) supports this explanation. 

To interpret the results obtained for the amino acids, it is necessary to 
distinguish between the two synthetic systems of the cow. These two 
systems appear in series with respect to the pathway from the nutrients 
in the ration to the final animal product, which in this case is the milk 
protein. 

Nutrients first enter the digestive tract, where they are modified quali- 
tatively and quantitatively by the synthetic activity of the microorgan- 
isms of the rumen. They then enter the circulatory system and the 
tissue fluids, where a second modification of the nutrients results from the 
intermediary metabolism of the cow’s cells. To distinguish between the 
synthetic abilities of these two systems, the C-labeled precursors were 
injected intravenously so that the rumen and its population of micro- 
organisms were shunted. The pathway of the precursor into the milk 
protein is through the tissues of the cow, and transformations that result 
reflect the metabolic activity of these tissues. The markedly higher re- 
covery of C“ in the non-essential amino acids results because only these 
amino acids are being synthesized in quantity by the cow’s tissues. 

We conclude from our data that, in the synthesis of amino acids from 
precursors in the blood, cows behave similarly to rats, dogs, and (except 
for histidine) man. Therefore, differences in amino acid requirements 
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which do exist between these species must result only from different proc- 
esses occurring before the food components enter the blood, such as the 
biosynthetic activity of the rumen microorganisms. 

Bicarbonate and the fatty acids vary in the effectiveness with which 
they furnish carbon for the synthesis of essential and non-essential amino 
acids. This effect is summarized by the data in Table II which were calcu- 
lated by multiplying the specific C“ activity of each amino acid by a con- 
version factor (f) to obtain the microcuries of C“ in each amino acid per 
100 gm. of casein: 

_ gm. amino acid gm. carbon 1 


f= 





100 gm. casein gm. amino acid 12 
f = mole carbon in amino acid per 100 gm. casein 
These values for each precursor were then totaled for all of the amino 


TaB_eE II 


Comparison of Bicarbonate and Fatty Acids As Source of Carbon for Synthesis of 
Amino Acids in Dairy Cow 








C-labeled precursor Total amino acids aa amino Essential amino acids 

we ce | ee | oe | eee ee | Se 
LTE) See one ac 40.1 15.6 35.0 13.7 5.1 100 
Acetate-C4OOH.............. 257 .6 100 253.8 99.4 3.8 74 
Acetate-C“H;................ 256.2 99.6 | 255.3 | 100 0.84 16 
Propionate-C4“OOH........... 89.9 35 86.2 34 3.7 73 
Butyrate-C“OOH............ 206.2 80 3.4 80 2.8 55 























acids in the first column of Table II and for the non-essential or essential 
amino acids as a group in the last two columns. The results for each pre- 
cursor are expressed in per cent of the maximum C" recovery of that 
column. This percentage relationship establishes the relative importance 
of the carbonate and fatty acids as precursors of the amino acids. 

Acetate is the major precursor for transferring carbon to all of the amino 
acids but is only slightly more effective than butyrate. Bicarbonate and 
propionate, however, are distinctly inferior in furnishing carbon for amino 
acid synthesis. The precursors show the same relative importance when 
the non-essential amino acids are considered as a group but a different 
result is obtained when only the essential amino acids are considered. In 
this case carbonate is the major precursor furnishing 6 times more carbon 
than is derived from the methyl group of acetate. 

The predominant position of carbonate as a precursor for the essential 
amino acids suggests that a major pathway for the carbon from the fatty 
acids to the essential amino acids may be via COz. Work now under way 
should provide additional evidence on this relationship in the near future. 








CARBONATE AND FATTY ACID IN CASEIN 


SUMMARY 


. Amino acids isolated from casein were used to study the biosynthesis 


of amino acids in dairy cows after injecting intravenously C-labeled pre- 
cursors. 


2. We concluded that the microorganisms of the rumen furnish essential 


amino acids to the cow and that the tissues of the cow synthesize only 
non-essential amino acids in quantity. From the comparative biochemi- 
cal aspects this is further evidence for the uniformity which exists in the 
internal metabolism of mammals. 


3. Acetate was the major precursor for non-essential amino acids, while 


CO, was the major precursor of amino acids that are considered essential. 
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ACETATE AS A PRECURSOR OF MILK CONSTITUENTS IN 
THE INTACT DAIRY COW* 
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The term, precursor, here means a substance such as acetate, a part 
or all of which is incorporated into a product such as butter fat (1). Rit- 
tenberg and Bloch (2) fed C' and deuterium-labeled acetate to rats and 
mice and demonstrated the utilization of both carbon atoms of acetate 
in the formation of higher fatty acids. They also noted that C™, fed to 
rats and mice as part of the carboxyl group of acetate, appeared in glu- 
tamic acid, aspartic acid, glycogen, and urea (3). This result indicated 
that acetate is utilized not only for fat production but also for synthesis 
of animal carbohydrate and protein. Lorber, Lifson, and Wood (4) fed 
to rats acetate labeled with C™ in both carbon atoms. The C” content 
of the glycogen from these rats gave direct evidence that acetate may be 
utilized for glycogen formation by a path that by-passes the carbonate 
pool. Folley and French (5) showed by microrespiration trials with mam- 
mary gland slices from sheep that mammary gland tissue can utilize ace- 
tate for milk fat formation. 

The present paper deals with the quantitative significance of acetate 
oxidation and acetate utilization for the synthesis of lactose, casein, and 
milk fat by normal dairy cows. 


Method 


Cows—Two Jersey cows were used for trials with carboxyl-labeled ace- 
tate identified as acetate Trials I and III. The cow used for Trial I 
weighed 554 kilos and produced 10 kilos of milk per day. The cow used 
for Trial III weighed 414 kilos and produced 5 kilos of milk per day. 
Methyl-labeled acetate was injected into two other cows. The cow for 
Trial II weighed 520 kilos and produced 11 kilos of milk per day. The 
cow for Trial IV weighed 513 kilos and produced 6 kilos of milk per day. 

* The investigation reported here was supported by the United States Atomic 
Energy Commission. 

+ At the time these experiments were carried out, A. H. Smith was a Postdoctoral 
Fellow of the United States Atomic Energy Commission. Present address, Lecturer 
in Poultry Husbandry, College of Agriculture, Davis. 

t Present address, Instructor in Biochemistry, School of Veterinary Medicine, 
College of Agriculture, Davis. 
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All cows were fed their usual ration of alfalfa hay supplemented by a grain 
mixture. 

Tracer and Dose—The sodium acetate-1-C was prepared by carbona- 
tion of methyl magnesium iodide (6). The yield based on barium car- 
bonate-C™ used in the synthesis was 97 per cent, and the specific activity 
of the anhydrous salt was 6.7 uc. per mg. 

The sodium acetate-2-C was prepared by carbonation of labeled methyl 
magnesium iodide (7). The yield based on labeled carbonate was 38 per 
cent and the specific activity of the product was 15.5 ue. per mg. 

10 me. of the labeled sodium acetate were dissolved in 50 ml. of an iso- 
tonic saline solution. One-half of this solution was injected (Trials I 
and II); the other half was kept frozen for the next injection (Trials III 
and IV). 

The injections were performed through plastic tubes as described before 
(8). The injected dose for Trials I to IV amounted to 9.0, 11.4, 10.0, and 
5.8 ue. of C™“ per kilo of body weight. The injected dose amounted to 5 
mM of acetate (Trial II). The acetate content in the jugular blood of 
several of our cows varied between 3 and 5 mg. of acetic acid per 100 ml. 
‘of blood.!. McClymont (9) noted that the fatty acids in the blood from 
the carotid artery of cows consisted of over 90 per cent acetic acid. The 
concentration varied from 8 to 12 mg. of acetic acid per 100 ml. of blood 
2 to 4 hours after feeding, from 3 to 6 mg. per 100 ml. 24 hours after feed- 
ing, and from 1.5 to 3 mg. per 100 ml. 48 hours after feeding. Barcroft, 
McAnally, and Phillipson (10) observed that the concentration of volatile 
acids in the blood draining the rumen is considerably higher than that of 
peripheral blood. A general discussion on these questions is found in a 
review of Elsden and Phillipson (11). We may thus estimate that on the 
average the blood of our cows contains at least 50 mg. of acetic acid per 
liter. From measurements with Evans blue (Trial IV), we may estimate 
that our cow contained 22 liters of plasma or 37 liters of blood. The total 
acetate in the blood of our cow would thus amount to 0.05 X 37 = 1.85 
gm. or 31 mm. The 5 mo of labeled acetate injected into the cow for 
Trial II thus amounts to only a fraction (about 16 per cent) of the acetate 
normally present in the blood stream. 

Respiration Apparatus—The respiration apparatus and its function have 
been described before (12), as have the preparation of casein, albumin, fat, 
and lactose from the milk and the measuring of C" activity (13). 


RESULTS AND DISCUSSION 


Fig. 1 shows the standardized specific activity in the expired COs, micro- 
curies per mole of COz2 per microcurie injected per kilo of body weight, as a 


1 Brown, M. A., unpublished data. 
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function of time from injection. The maximum activity in the CO, was 
reached 0.1 to 0.2 hour after injection of carboxyl-labeled acetate and 0.3 
to 0.4 hour after the injection of methy]-labeled acetate. The mean specific 
activities during the period in which these activities reach their maxima 
are summarized in Table I. The average maximum of C™ in CO, (be- 
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HOURS AFTER INJECTION 
Fic. 1. Standardized specific activity of C™ in respiratory CO, after injection of 
C'4-labeled acetate and carbonate. Dash line, after injection of C'-labeled carbo- 
nate; A, carboxyl-labeled acetate, 5 kilos of milk per day (Trial III); O, carboxyl- 
labeled acetate, 10 kilos of milk per day (Trial I); X, methyl-labeled acetate, 6 kilos 
of milk per day (Trial IV); +, methyl-labeled acetate, 11 kilos of milk per day (Trial 
II). 


TasBLe I 
Mean C™ Activities in Respiratory COz during Periods of Maxima 


The C"* activities are given in microcuries per mole C, divided by the relative 
injected dose (microcuries per kilo body weight). 

















Carboxyl Methyl 
Tae Carboxyl Methyl 
Trial I | Trial III Trial II | Trial IV 
0.1-0.2 (25.1 + 0.5187.0 + 0.9)11.5 + 1.1/13.5 + 1.5/381.0 + 1.0 
0.20.4 (24.8 + 0.8/81.2 + 1.2)14.0 + 0.1/16.9 + 0.3 15.4 + 0.3 





tween 6 and 12 minutes) after injection of carboxyl-labeled acetate is 
about twice as high as the average maximum (between 12 and 24 minutes) 
after injection of methyl-labeled acetate. 

The general level of the C™ activity in the expired CO, is inversely 
correlated to lactation rate. The time integral of specific activity (as a 
measure for this general level) was 1.5 times as large for cows producing 
on the average 5.5 kilos of milk per day as it was for cows producing an 
average of 10.5 kilos of milk per day (see Table II). This ratio is nearly 
independent of time from injection. 
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The general level of C" in the expired CO, is higher after injection of 
carboxyl-labeled acetate than it is following injection of methyl-labeled 
acetate. 12 minutes after injection the ratio between the two levels is 
2.5. For periods 1, 2, and 3 hours after injection, the average levels of 
C* activities in CO, were calculated as quotients of time integrals of ac- 
tivity and duration. The results are shown in Table II. The trend of 
the ratio, activity level after injection of carboxyl-labeled acetate to ac- 
tivity level after injection of methyl-labeled acetate, decreased with time 
after injection. This is to be expected because the labeling of the various 


TaBLe II 
Influence of Position of Label in Acetate and of Lactation Rate on Average Level of C™ 


in Expired CO, 
l t 
The C"4 levels in Columns 2 to 5 are calculated as ; [ p dt and given in micro- 
0 


curies per mole C, divided by the relative injected dose (microcuries per kilo body 
weight). 


microcuries per mole CO; 
~ microcuries injected per kilo body weight 


























+43 Effect of positi Effect of lactati 
bi gene! ne = Caitaayt Methyl “5 cas ec pl ‘ ation 
carboxyl 5.5 kilo 
ts tn ant) 
Time, #, after . . . . 
injection Trial I Trial III Trial II Trial IV ai + Iv) 7 + ID 
(1) (2) (3) (4) (5) (6) (7) 
hrs. 
1 19 28 11 16 1.74 1.47 
2 14 21 9 13 1.59 1.48 
3 12 yd 7 12 1.53 1.53 























organic compounds in the body will become more and more general and 
uniform so that the difference between the effect of carboxyl-labeled and 
methyl-labeled acetate will decrease. 

Table III shows that the radiocarbon injected as part of the methyl 
group of acetate remains longer in the cow’s body than the radiocarbon 
injected in the carboxyl group, that both remain considerably longer than 
C* injected as carbonate. The C" retention is greater when the rate of 
milk production is higher. 

Table IV summarizes the specific activities in lactose, casein, and milk 
fat for four consecutive periods, covering a total time of 35 hours after 
injection of the labeled acetate. 

Lactose and casein reached the highest specific activity in the first milk 
sample, collected 3 hours after injection, whereas the maximum activity in 
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butter fat occurred in the second milk sample collected between 3 and 10 
hours after injection. 
Methyl-labeled acetate produced higher activity in casein and lactose 



































Tasie III 
Relative C'4 Retention in Cow’s Body 
Acetate, carboxyl-labeled Acetate, methyl-labeled Carbonate 
Time from injection 
Trial I Trial III Trial II Trial IV Trial IV 
hrs. per cent per cent per cent per ‘cent per cent 
0 100 100 100 100 100 
1 82 76 87 87 42 
2 73 61 80 77 28 
3 52 76 70 22 
Milk yield per 
Ga Rie ce 10 5 11 6 10 
} TaBLe IV 


Specific C4 Activity in Milk Constituents 


The specific C14 activities in Columns 4 to 7 are given in microcuries per mole C 
, per unit of relative injected dose (microcuries per kilo body weight). 





























C¥ in milk constituent 
Milk Period |,_,Zime from | prom carboxytlabeled | Fr thyl-labeled ‘seams, 
constituent No. |r po ~~ aa | we Tacetate aoe. 
carboxy! 
Trial I Trial III | Trial II Trial IV 
(1) (2) (3) (4) (S) (6) (7) (8) 
: hrs. 
Lactose 1 3 0.95 1.26 5.72 3.7 
2 8-10 1.10 0.68 1.09 1.52 1.5 
3 22 0.40 0.24 0.43 1.13 2.4 
4 33-35 0.18 0.09 0.20 0.22 1.6 
Casein 1 3 0.77 1.17 4.10 3.4 
2 8-10 0.74 0.51 0.87 2.36 2.6 
3 22 0.32 0.14 0.58 0.19 [EY 
4 33-35 0.06 0.11 0.22 2.8 
Fat 1 3 1.03 1.63 0.82 1.2 
2 8-10 3.64 1.07 2.15 2.77 1.0 
3 22 2.31 0.88 1.44 1.69 1.0 
4 33-35 0.89 0.22 0.66 0.82 1.6 

















than did carboxyl-labeled acetate. To fat, however, C™ is transferred 
from methyl- and carboxyl-labeled acetate at almost the same rate. This 
result indicates that the synthesis of fat from acetate involves more direct 
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utilization of the acetate molecule as a whole than does the synthesis of 
lactose or casein. 

From earlier measurements with C'*-labeled carbonate (13), we may 
estimate from the C™ activity in the expired CO, how much of the radio- 
activity in the acetate has reached the milk constituents via carbonate 
formed from acetate. 

Table V shows this calculation for lactose. The ratio of the time in- 
tegrals of radioactivity in lactose and activity in expired CO: is taken 
from the curve for carbonate Trial IV as published earlier (13). 

The ratio, activity in lactose from carbonate to total activity in lactose, 
seems to reach a constant level 1 day after injection. This level indicates 
that 61 per cent of the carbon which came to lactose from the carboxy] 
group of acetate passed through the carbonate pool. The maximum esti- 
mate for this figure, with a carbonate transfer quotient of 0.10, is 74 per 
cent. From an analogous calculation we conclude that not more than 
17 per cent of the methyl carbon of acetate that was transferred to lactose 
came there via the carbonate pool. 

Our deduction that the cow transfers a considerable amount of carbon 
from acetate to lactose via paths other than carbonate fixation is based on 
kinetics since the ratios of specific activity-time integrals indicate ratios 
of transfer rates. Our conclusion is in line with the result of an earlier 
investigation on glycogen formation by rats based on isotope distribution 
instead of kinetic measurements. Lifson ef al. (14) isolated glycogen from 
rat liver after feeding C"-labeled acetate and butyrate. From the posi- 
tions which the tracer occupied among the 6 carbon atoms of the glucose 
molecules prepared from the glycogen, these workers produced evidence 
that at least the a-carbon atoms of acetate and butyrate can enter gly- 
cogen by a pathway other than CO, fixation. 

By a procedure similar to that used above for lactose, we may calculate 
that about 40 per cent of the carbon which had been transferred from the 
carboxyl group of acetate to casein had passed through the carbonate pool, 
whereas only 8 per cent of the methyl carbon of acetate followed this 
path to casein. A similar calculation for fat formation via the carbonate 
pool is very inaccurate. We may estimate from our results that only 5 
per cent of the carboxyl carbon and only 2 per cent of the methyl carbon 
that was transferred from acetate to fat passed through the carbonate 
pool. For the synthesis of fat, therefore, almost each acetate molecule 
was utilized as a whole. 

This result is in line with the conclusion already reached by Rittenberg 
and Bloch (15) in the early days of use of deuterium and C" as metabolic 
tracers that fatty acids are synthesized by successive condensations of 
C, units. 
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TaBLe V 
C« Which Was Transferred to Lactose Via CO, in Per Cent of Total C'* in Lactose 
C* in lactose via COz C* in lactose total n 
Period Time at J = 
No 5 1 ¢ 
foe ar | average, q [5 rs As reAt | L. rcdt | L, dedt 
Trial III. Carboxyl-labeled acetate 
hrs. ; hrs. per cent 
1 3.0 42.7 | 0.025} 1.10 | 0.949) 3.0 | 2.85 2.85 38 
2 8.5 68.5 | 0.048 | 3.29 | 0.680} 5.5 | 3.74 6.59 50 
3 21.5 77.5 | 0.077 | 5.97 | 0.242] 183.0 | 3.15 9.74 61 
4 32.5 79 0.082 | 6.48 | 0.087 | 11.1 | 0.96] 10.70 61 
4 |82.5* | 79 0.100 | 7.90 | 0.087 | 11.1 | 0.96 | 10.70 74 
Trial IV. Methyl-labeled acetate 
1 3.2 29.5 | 0.025 | 0.74 | 5.72 3.2 | 18.3 18.3 4 
2 10.0 60.4 | 0.055 | 3.33 | 1.52 5.8 | 10.3 28.6 12 
3 22.5 72.5 | 0.078 | 5.66 | 1.13 12.5 | 14.1 42.7 13 
4 34.5 76.5 | 0.084 | 6.43 | 0.22 12.0 2.64 | 45.3 14 
5 46.5 78.4 | 0.090 | 7.06 | 0.17 12.0 2.04 | 47.3 15 
5 46.5* | 78.4 | 0.100] 7.84 | 0.17 12.0 | 2.04} 47.3 17 
































p, standardized specific activity in respiratory CO, 


ue. C4 per mole CO, 
uc. C4 injected per kg. body weight 





- t-1 P 
q, . r At if / p dt after injection of labeled carbonate measured in previous 
-1 


trials (9). 
ds, Standardized specific C'* activity in lactose in 


uc. C4 per mole C 
uc. C™ injected per kilo body weight 





t, time from injection in hours. 
* For the maximum, the maximum carbonate conversion factor 0.1 is arbitrarily 
chosen; for asymptote observed in carbonate trials, see Kleiber et al. (13). 


Fig. 2 shows what percentage of the injected C“ appears in the major 
milk constituents for Trials I and II during which the cows produced an 
average of 10 and 11 kilos of milk per day respectively. 

The yield of C™“ in lactose 33 hours after injection of carboxyl-labeled 
acetate, 1.2 per cent, is practically the same as the corresponding yield 
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33 hours after injection of C“ in carbonate (1.3 per cent) in a trial de- 
scribed earlier (13) without discussion of the yield. 

The methyl-labeled acetate yielded about twice as much C" in lactose as 
either carboxyl-labeled acetate or carbonate. The C™ yield in casein 
after acetate follows closely the yield in lactose. 33 hours after carbonate 
injection, 0.4 per cent of the injected C appeared in casein. At the same 
time about twice as much C" is secreted in the casein after injection of 
carboxyl-labeled acetate and almost 6 times as much after injection of 
methyl-labeled acetate. 

Fig. 2 demonstrates the efficiency of the dairy cow for labeling com- 
pounds, especially butter fat, from C-labeled acetate. 33 hours after 
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| 
HOURS AFTER INJECTION 

Fig. 2. Yield of Cin milk constituents after intravenous injection of C'4-labeled 
acetate; per cent of injected dose. @, C' in milk fat after injection of carboxyl- 
labeled acetate (Trial I); A, C1 in lactose after injection of carboxyl-labeled acetate 
(Trial I); m, C in casein after injection of carboxyl-labeled acetate (Trial I); O, 
C" in milk fat after injection of methyl-labeled acetate (Trial II); A, C™ in lactose 
after injection of methyl-labeled acetate (Trial II); 0, C™ in casein after injection 
of methyl-labeled acetate (Trial IT). 


carbonate injection, 0.27 per cent of the C“ appeared in butter fat, after 
carboxyl-labeled acetate 9.2 per cent (acetate Trial I), and after methyl- 
labeled acetate 12.2 per cent (acetate Trial IT). 

The total C™“ yield in organic milk constituents during 33 hours 
amounted to 2.2 per cent after carbonate, 11.7 per cent after carboxyl- 
labeled acetate, and 18.5 per cent after methyl-labeled acetate injection. 

Popjék, French, and Folley (16) reported that during 6 hours after in- 
travenous injection of carboxyl-labeled acetate a goat transferred 10 per 
cent of the injected C“ to butter fat. Cow and goat are thus about 
equally efficient producers of labeled milk constituents, though the cow 
requires more time. 


SUMMARY 


1. Dairy cows were injected with carboxyl- and with methyl-labeled 
acetate in doses ranging from 6 to 11 ye. of C“ per kilo of body weight. 
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2. The radioactivity of the expired CO, reached a peak from 6 to 12 
minutes after injection of carboxyl-labeled acetate and between 12 and 24 
minutes after injection of methyl-labeled acetate. 

3. The level of radioactivity in the expired CO, was higher after in- 
jection of carboxyl-labeled acetate than after methyl-labeled acetate. It 
was higher for the cows with lower rate of lactation. 

4. Calculations based on earlier results after injection of labeled car- 
bonate and on the concentration of C“ in the expired air after injection 
of labeled acetate indicated that 60 per cent of the carbon transferred from 
the carboxyl group of acetate to lactose passed through the carbonate 
pool, whereas only 17 per cent of the methyl carbon of acetate followed 
this path to lactose. 

5. About 40 per cent of the carbon transfer from the carboxyl group of 
acetate to casein and 8 per cent of the methyl carbon passed through the 
carbonate pool. 

6. For fat formation only 5 per cent of the carboxyl carbon and 2 per 
cent of the methyl carbon of acetate passed through the carbonate pool. 

7. From the C™ injected as carboxyl-labeled acetate, 1 per cent ap- 
peared in lactose, 1 per cent in casein, and 9 per cent in milk fat. The 
corresponding yield after injection of methyl-labeled acetate amounted to 
2 per cent for casein, 2 per cent for lactose, and 12 per cent for milk fat. 
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PEPTIDASE ACTIVITY OF SURVIVING RAT DIAPHRAGM* 


By THEODORE B. SCHWARTZ,t FRANK L. ENGEL, ann 
CATHERINE C: TOWBIN 


(From the Department of Medicine, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, November 15, 1951) 


As a further avenue of approach to the problem of the biologic réle of 
tissue peptidases, a technique which permits quantitative measurement of 
the rate at which glycylglycine (GG)! is hydrolyzed by unextracted sur- 
viving rat diaphragm has been devised. A dipeptidase (GGase), recently 
studied by Smith (1), was chosen as a model, since it is abundantly present 
in muscle and its hydrolytic products can be measured simply and specifi- 
cally as glycine. 

Materials and Methods 


Male rats of the Vanderbilt strain, weighing 150 to 210 gm. and fed 
Purina dog chow with liver pudding and lettuce supplements (2), were used. 

Hemidiaphragms were suspended in a medium essentially as described 
by Christensen and Streicher (3). The medium contained 103 mm of 
sodium chloride, 25 mm of sodium bicarbonate, 2.5 mm of calcium chloride, 
20 mm of sodium pyruvate, and 0.34 mm of glycine, and reactions were 
carried out in an atmosphere of 95 per cent oxygen and 5 per cent carbon 
dioxide.2 This system is advantageous, since the above investigators found 
that, under these conditions, an excised rat diaphragm maintained the 
normal, energy-requiring distribution ratio between intra- and extracellular 
free glycine concentrations. This observation has been confirmed repeat- 


‘edly in this laboratory.* 


* This work was supported by grants from the National Institutes of Health, 
United States Public Health Service, and the American Cancer Society, administered 
by the Committee on Growth of the National Research Council. 

t Damon Runyon Senior Clinical Research Fellow. 

1 Glycylglycine was obtained through the courtesy of Dr. M.S. Dunn, University 
of California, and of Dr. R. J. Floody, Hoffmann-La Roche, Inc. 

2 The pH of the medium, after equilibration with the oxygen-carbon dioxide mix- 
ture, was 7.61. After incubation with a hemidiaphragm, as described in the text, 
the pH was found to be 7.66. Additions of GG in the various concentrations used in 
this investigation resulted in decreases in pH to values as low as7.15. Cobalt sulfate 
produced no change in pH. These pH changes probably have little effect on GGase 
activity, since Smith (1) has shown that the pH optima for this enzyme lie approxi- 
mately between 7.3 and 8.0. Furthermore, these changes in pH in the medium may 
not accurately reflect hydrogen ion concentrations within the diaphragm. 

’ Unpublished observations. 
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Glycine was determined by the method of Alexander et al. (4) as modified 
by Christensen and associates (5). It is important to note that free glycine 
is quite specifically measured by this procedure. Glycylglycine produces 
only negligible increments in color yield.* 

Total nitrogen was determined by a semimicro-Kjeldahl technique. 


Procedure 


Five 20 ml. beakers are placed in a Dubnoff metabolic incubator at a 
temperature of 37°. Four beakers contain 2 ml. of medium and the fifth 
beaker holds 2.2 ml. of medium to which a known quantity of GG has 
been added. When indicated, the medium is supplemented with 1 mm 
per liter of cobalt sulfate as well. The incubator is covered and the flow 
of the oxygen-carbon dioxide mixture started. This flow is continued for 
at least 10 minutes before the hemidiaphragm is introduced. 

Following an 18 hour fast, each rat is anesthetized by the intraperitoneal 
injection of Nembutal, 4 mg. per 100 gm. of body weight. The animal is 
rapidly exsanguinated from the abdominal aorta into a heparinized needle 
and syringe. The diaphragm is quickly excised, blotted on gauze moist- 
ened with normal saline solution, and bisected anteroposteriorly. Each 
hemidiaphragm obtained is rapidly weighed on a torsion balance. 

One hemidiaphragm is then transferred to the first of the beakers in the 
incubator and the shaking mechanism started at 90 cycles per minute. 
The remaining hemidiaphragm, which is used as a control, is placed in a 
mortar containing 1 per cent aqueous picric acid solution (2.5 ml. per 100 
mg. of tissue). The picric acid solution serves the double function of 
inactivating enzymes and precipitating proteins. The entire procedure up 
to this point consumes about 5 minutes. At 15 minute intervals, the 
incubating hemidiaphragm is transferred to fresh medium in the next 
beaker, and so the hemidiaphragm is washed four times in an hour. The 
hemidiaphragm is then transferred to the fifth beaker containing medium 
supplemented by the desired quantity of GG. After a measured time 
interval, the hemidiaphragm is removed, blotted, and fixed in picric acid 
solution in the same fashion as its control. 2 ml. of the medium in the 
fifth beaker are diluted to 10 ml. with picric acid solution. 2 ml. of stock 
medium are similarly treated as a control. 

The two fixed hemidiaphragms are cut into small pieces and finely ground 
in the mortars containing picric acid solution. The four picric acid sus- 
pensions containing control and incubated hemidiaphragms and control 
and incubated media are transferred to four centrifuge tubes. After cen- 
trifuging at moderate speed for 20 minutes, the clear supernatant solutions 
are decanted and appropriately diluted with picric acid solution for glycine 
analysis. It has been found that three to six hemidiaphragms can con- 
veniently be incubated and analyzed concurrently. 
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Calculations 


The GG hydrolyzed, expressed as micromoles per gm. of diaphragm, is 
calculated as 3(GD, + GM,) — (GDo + GMo), where GD, represents the 
glycine concentration (micromoles per gm. of diaphragm) in the hemidia- 
phragm exposed to GG; GM, the glycine concentration (micromoles per 
ml.) of the GG-containing medium; and GD» and GMp, the glycine concen- 
trations of control hemidiaphragm and medium, respectively. 

It should be noted that, in arriving at this value, glycine concentrations 
in micromoles per gm. of diaphragm are added to glycine concentrations in 
micromoles per ml.. of medium. This is, obviously, an approximation. 
However, no greater accuracy is achieved by determining glycine concen- 
tration per gm. of diaphragm water, since the water content of control and 
incubated hemidiaphragms remains quite constant (75.0 per cent + 0.4 
in six animals)* and recalculated values remain proportional to those 
originally obtained. 


Results 


Control Experiments—In a group of 50 animals, the mean diaphragm 
glycine concentration was 2.12 + 0.46 um per gm., while in nineteen ani- 
mals the mean plasma glycine concentration was 0.40 + 0.08 um per ml. 
These values compare favorably with those reported from another labo- 
ratory (3). 

When hemidiaphragms of the same animals are analyzed separately for 
glycine concentration, the results show good agreement, as indicated in 
Table I. 

It is pertinent here to note that the “control” hemidiaphragm cannot 
be considered a true control, since it is not repeatedly washed, as is the 
incubated hemidiaphragm. To ascertain whether repeated washing affects 
glycine concentration, determinations were made in ten paired hemidia- 
phragms, five serving as controls and the other five being washed repeatedly 
in the incubator. No discernible difference in glycine concentrations in the 
two groups was observed; in fact, identical values, 2.19 + 0.43, were found 
for both groups. Moreover, in the quantitative estimation of GGase 
activity described below, results were the same regardless of whether or 
not control hemidiaphragms were repeatedly washed. The use of an un- 
washed control hemidiaphragm has been retained, since it is thought that 
useful information may be gained when the present procedure is applied in 
subsequent studies. 

The serial preliminary washings of the incubated hemidiaphragm were . 
incorporated in the procedure to remove residual enzyme-containing blood | 
and the bulk of diffusible muscle protein. GGase activity and nitrogen 


‘Mean + standard deviation unless otherwise noted. 
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content of these wash media, together with similar data for aqueously ex- 
tracted diaphragm, are summarized in Table II. Aqueous extracts of 


TABLE I[ 
Variation in Glycine Concentrations in Normal Rat Hemidiaphragms 











Glycine, wm per gm. diaphragm 
Rat No. ‘ae 
Right hemidiaphragm | Left hemidiaphragm 
217 1.66 1.78 
218 2.05 2.05 
219 2.08 1.97 








TaBie II 


Dipeptidase Activity and Nitrogen Content of Surviving and Extracted Diaphragm 
and Incubating Media 
The GGase activity of the media and extracted diaphragm was determined by a 
photometric procedure (6). The hydrolysis mixture contained 0.5 ml. of medium 
or aqueous diaphragm extract, 0.5 ml. of 0.1 m GG, 0.5 ml. of 0.02 m barbital buffer 
(pH 7.8), and 0.5 ml. of 0.004 m CoSQ,. 





Extracted Medium content in successive 15 min. washing periods 
hemidiaphragm 4 
I | II | Ill | IV 








um GG hydrolyzed per gm. diaphragm per min. = K* 





GGase {10.09 + 0.77f| 0.052 + 0.014/0.008 + 0.002/0.004 + 0.001/0.007 + 0.001 
activ-| (5) (8) (8) (8) (8) 
ity 





um GG, per ml. hydrolysis mixture, hydrolyzed in 18 hrs.t 





25.5 +£0.5 [11.1 41:7 (2.2 40.5 [1.7 40.2 2.1 +04 
(5) (8) (8) (8) (8) 








Ps } ck al Mg. per gm. diaphragm per min. 





Total 
N 


28.3 + 0.5 
(3) 





0.107 + 0.007 
(6) 








0.056 + 0.007 
(6) 


0.040 + 0.005 





(6) 


0.040 + 0.005 





(6) 





The figures in parentheses represent the number of animals used. 

* Since these K values represent GGase activity which was transferred from the 
diaphragm to the medium per minute, the results obtained by the photometric tech- 
nique divided by 15 are presented. 

t Mean + standard error. 

¢ 25 um of GG represent 100 per cent hydrolysis. 


diaphragm were obtained in the same manner as picric acid extracts, except 
that water was substituted for picric acid solution. The GGase activity of 
aqueously extracted diaphragm and the wash media was measured by a 
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ex- photometric ninhydrin procedure (6). By this method, both K values and 
: of the number of micromoles of GG per ml. of hydrolysis mixture hydrolyzed 
in 18 hours were determined. 

That the washing procedure is effective is suggested by the finding that 
the initial wash medium contained considerably more GGase activity and 
nitrogen than the three subsequent media in which the enzyme and nitrogen 
content remained relatively constant. 





















70 
Substrate concentration: !0.7mM 
E Cobalt: 0.00! M 
76.0 } 
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TIME (MINUTES) 


: Fic. 1. GGase activity of surviving rat diaphragm. Curve demonstrating the 
4 apparent linear relationship between hydrolysis of substrate and time. The heavy 
center line is the regression curve (y = 0.0942 + 0.223) calculated from mean values 
(QO). The finer lines are placed 2 standard deviations on each side of the regression 
curve. In some instances, incubation of medium was continued after removal of the 
diaphragm (0). 


> aR 


si Quantitative Estimation of GGase Activity—When pilot experiments re- 
ab vealed that CO++ greatly increased GGase activity in the surviving dia- 
phragm (see below), 10.7 mm per liter of GG and 1 mm per liter of CoSO, 
were used in a medium to investigate the relationship between the number 
of micromoles of GG hydrolyzed and the time of incubation. The results, 
plotted in Fig. 1, indicated that a roughly linear relationship exists. The 
center line (enclosed in an area of 2 standard deviations on each side) is 
sk the regression curve calculated from the average micromoles of GG hydro- 
of i lyzed obtained at various time intervals. The slope of this line, designated 
as K, defines the number of micromoles of GG hydrolyzed per gm. of diaphragm 
per minute of incubation. 
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Site of GGase Activity—The procedure described in this report would 
have value only if evidence could be adduced that the major part of the 
enzyme activity remained within the diaphragm. One approach to this 
problem is shown in Fig. 1. When the medium alone was incubated after 
the diaphragm was removed, there was very little increase in dipeptidase 
activity and the resultant values lie well outside 2 standard deviations 
from the regression curve. 

The results shown in Table II are of interest in this regard as well. It 
is apparent from the determination of both K values and 18 hour hydrolysis 
that only very small fractions of dipeptidase activity were found in the 
wash media. Similarly, the nitrogen content of the wash media was 


TaB.e III 
Effect of Incubation on Dipeptidase Activity of Extracted Diaphragm 


Aqueous extracts were prepared as described in the text. One hemidiaphragm 
from each rat was immediately extracted; the other hemidiaphragm was washed 
for four 15 minute periods and incubated in GG-free medium for the subsequent hour. 




















um GG hydrolyzed per gm. diaphragm per min. 
cmtt | arnt | Make | | ete 
| = 
GGase activity 10.09 8.64 | 1.45 | 0.012 
+0.77* +0.76 +0.64 +0.0004 
(5)t (5) (5) (5) 





* Mean + standard error. 
t Number of animals used. 


negligible compared to that of whole diaphragm. Moreover, when a me- 
dium, which had been incubated with a hemidiaphragm for an hour subse- 
quent to the four washing periods, was examined for GGase activity and 
nitrogen content, low values of 0.002 um of GG per gm. of diaphragm per 
minute and 0.02 mg. per gm. of diaphragm per minute respectively were 
obtained. 

Further confirmatory evidence is presented in Table III. In five ani- 
mals, GGase activity was determined (6) on aqueous extracts of control 
hemidiaphragms and of hemidiaphragms which were subjected to four 
washings over a period of an hour and then to a subsequent hour of incuba- 
tion in the usual fashion but in the absence of substrate. The decrease in 
GGase activity produced by this incubation was constant and transfer of 
dipeptidase activity from diaphragm to medium was calculated as 0.012 um 
of GG hydrolyzed per gm. of diaphragm per minute, a value which is in 
reasonably good agreement with those obtained in wash media. 
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nuld Since, in contrast to the peptidase data in Tables II and III, GGase 
the activity of surviving diaphragm was obtained under the novel conditions 
this described in the previous section, strict quantitative comparisons are inap- 
fter plicable. None the less, it appears that the enzyme activity transferred 
lase from the diaphragm to the wash medium per minute was but a small frac- 
ions tion of the mean K value of 0.10 + 0.01 found in the surviving diaphragm. 
It 8.0 
ysis 
the qi) 
was 4 
£6.04 
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ral 10.7mM 
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agm 9 742.8mM 
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Fr 
fe 21.4 mM 
Us 5 
£20 — 0.001M Cobalt 
= --- No Cobalt 
0104 
| © 
40 50 60 





TIME (MINUTES) 


me- Fig. 2. Effect of cobalt activation and substrate concentration on GGase activity 
of surviving rat diaphragm. The addition of cobalt and increase in GG concentration 


bee- ; enhance the rate of hydrolysis. The slopes of the solid lines represent GGase activ- 
and ity in the presence of Cot* at 10.7 mm (O), 21.4 mm (D2), 42.8 mm (A), 64.2 mm (VY), 
per and 85.6 mm (X) concentrations of GG. The broken lines define rates of hydrolysis 
vere in the absence of ©o*+ at substrate concentrations of 10.7 mm (@), 21.4 mm (™), 
32.1 mm (©), and 42.8 mM (A). 
— Effect of Cobalt and Changes in Substrate Concentration—Smith (1) has 
trol shown that specific GG-splitting enzymes extracted from various tissues of 
ial several animals (including rat skeletal muscle) are activated by cobalt. 
ba- These observations hold true for the surviving rat diaphragm as well, as 
indicated in Figs. 2 and 3. In addition, the effect of increases in GG con- 


centration in the medium are shown. 

= In Fig. 2, the slope of each line represents the rate at which glycylglycine 
= was split at the substrate concentration designated. There was a very 
definite rise im GGase activity as the substrate concentration was increased. 
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There were two “families” of curves, indicated by the upper solid lines 
and the lower broken lines. The solid lines represent the values obtained 
when 1 mM per liter of cobalt was added to the medium. The broken lines 
reflect GGase activity in the absence of cobalt. It is apparent that there 
was a considerable activation of peptidase activity by cobalt. 

Furthermore, when the slopes of these lines were plotted against the 
substrate concentration, curves, demonstrated in Fig. 3, result. The strik- 
ing increase in dipeptidase activity produced by the addition of cobalt to 
the hydrolysis mixture is readily apparent. The upper curve shows, too, 
that in the presence of cobalt the relation between GGase activity and the 
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GLYCYLGLYGINE CONCENTRATION (mM/L) 
Fig. 3. Effect of substrate concentration on GGase activity of surviving rat 
diaphragm. Curves relating GGase activity to substrate concentration in the pres- 
ence (@) and absence (O) of Cot* in the incubating medium. 


concentration of substrate is linear until a point is reached at which further 
increases in substrate concentration no longer result in enhanced dipeptidase 
activity and the curve flattens off. The lower curve, representing GGase 
activity in the absence of cobalt, is similarly shaped but at a lower level of 
activity. 


DISCUSSION 


It is clear that there are essentially two reactions involved in the deter- 
mination of GGase activity of surviving rat diaphragm: (1) the rate at 
which glycylglycine is taken into the tissue, and (2) the rate of enzymic 
cleavage. Obviously, the slower of these two rates is what is being reflected 
in the measurement of K values. The data presented in the previous sec- 
tion bear on this problem. Since it is apparent that, at the same substrate 
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eS concentrations, far more GGase activity is obtained in the presence of 
ed cobalt than in its absence, glycylglycine must be abundantly available to 
1e8 the intracellular dipeptidase when there is no cobalt activation. There- 
we fore, in the absence of cobalt, the dipeptidase activity itself may be con- 
sidered the slower and rate-determining reaction and is reflected by K 
he values. This conclusion is warranted unless, in some way, cobalt is instru- 
k- mental in speeding up diffusion of glycylglycine into the tissue, a possi- 
to bility that does not seem likely. These findings may be interpreted to 
me, support the hypothesis that enzymic hydrolysis of the substrate within the 
he tissue rather than the diffusion of substrate into the tissue is what is being 
measured. 
SUMMARY 
A procedure which provides a quantitative estimate of dipeptidase 
activity of surviving rat diaphragm is described. As in muscle extracts, 
this enzyme is activated by cobalt. The effect of variation in substrate 
concentration has been investigated. Data are presented which are inter- 
preted to indicate that the major portion of enzyme activity takes place 
within the diaphragm. There is indirect evidence that, under these condi- 
tions, the enzymic hydrolysis of substrate, rather than merely diffusion of 
substrate into the diaphragm, is the rate-determining reaction. 
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THE FUNCTION OF OROTIC ACID IN THE BIOGENESIS OF 
PYRIMIDINES IN SLICES FROM REGENERATING LIVER 


By PETER REICHARD* 
(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, January 3, 1952) 


Ever since it was shown that orotic acid can replace uracil as a growth 
factor for certain microorganisms (1, 2), the possible importance of this 
substance in pyrimidine metabolism has been discussed. The work of 
Mitchell et al. (3) with different strains of Neurospora led these authors to 
the conclusion that orotic acid is not a natural intermediate in the bio- 
genesis of polynucleotide pyrimidines but rather a by-product which might 
accumulate under certain circumstances in the course of a side reaction. 
Investigations carried out in this laboratory, where orotic acid labeled 
with N'® in the 3 position was injected into rats, showed, however, that 
the acid is readily used for the synthesis of pyrimidines of both PNA! 
(4) and DNA! (5). That orotic acid can be used as a precursor for py- 
rimidines by the rat does not mean necessarily that under ‘‘normal”’ cir- 
cumstances, 7.e. when it is not administered artificially, it is a real inter- 
mediate in the synthesis of pyrimidines from smaller molecules. It might 
be recalled that, in the case of purines, 4-amino-5-imidazolecarboxamide 
has been shown to be a good source of hypoxanthine in pigeon liver homo- 
genate (6) and of polynucleotide purines (7), while other experiments 
indicate (8) that this substance is not a natural intermediate in the syn- 
thesis of hypoxanthine. 

The present investigation was carried out in an attempt to determine 
whether orotic acid is an intermediate in the biogenesis of pyrimidines. 
The biological system chosen for this purpose was comprised of slices from 


, regenerating liver in which a rather rapid synthesis of polynucleotides 


takes place (9). It has been shown? that N'*H,Cl in this system is a good 
source of the nitrogen of PNA pyrimidines. In the present experiment, 
slices were incubated with N'°H,Cl and non-labeled orotic acid for 8 hours. 
At the end of the incubation period, the orotic acid was reisolated from the 
medium by ion exchange chromatography and recrystallized to a constant 


* Present address, Department of Chemistry, Stanford University, Stanford, 
California. 

1 The following abbreviations are used in this paper: PNA, pentose nucleic acid; 
DNA, desoxypentose nucleic acid; ATP, adenosinetriphosphate; TCA, trichloro- 
acetic acid. 

* Lagerkvist, U., and Reichard, P., unpublished. 
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isotope content. Pyrimidine nucleosides and purines were isolated from 
the PNA in the slices and analyzed for N'®. The isotope contents of the 
pyrimidine nucleosides and purines are recorded in Table I together with 
the isotope content of the reisolated orotic acid. For comparison, the 
values from an identical experiment with only N'®H,Cl and without the 
addition of orotic acid? are also given. 

The most important finding in Table I is the high label in the orotic acid 
isolated from the medium at the end of the incubation. While the N™ 
incorporation into the purines is the same in both experiments, when orotic 
acid is present in the medium, the N' value for uridine is only about one- 


TaBLe I 
Isotope Contents of Pyrimidine Nucleosides, Purines, and Reisolated Orotic Acid 











N“ELCI ie a 
At t At 
Toate substance cia | TR sues (RS 
cae [oe basis of 100 per cent | basis of 100 
an per cent Nin | *ercess | Per cent N'5 in 
administered administered 
NH,Cl NH.Cl 
From PNA | Adenine 0.323 1.01 0.720 1.11 
Guanine 0.185 0.577 0.374 0.575 
Uridine 0.284 0.887 0.119 0.183 
Cytidine 0.175 0.546 0.208 0.320 
From substrate Orotic acid 3.60 5.55 

















Incubation of liver slices with N1°H,Cl (32 atom per cent N15 excess), and N45H,Cl 
(65 atom per cent N15 excess) plus non-labeled orotic acid. 


fifth and that of cytidine about one-half the amount present when it is 
not. Uridine contains more N' than cytidine with only N'°H,Cl in the 
medium, while the réverse is true when orotic acid is also present. 


EXPERIMENTAL 


Isotope Experiment—24 hours before the start of the isotope experiment, 
five rats were subjected to partial hepatectomy as carried out in this 
laboratory (10) and subsequently kept on a diet of milk and bread. It 
has been shown earlier (11) that under these conditions maximal nucleic 
acid synthesis occurs about 24 hours after the operation. At that time 
the rats were killed and the livers immediately removed and sliced, as 
described by Deutsch (12). The liver of one rat was always completely 
worked up before the next rat was killed. About one-half to two-thirds 
of each liver could be used for making slices, the remaining portion being 
discarded. The slices were pooled in a 1.15 per cent KCI solution during 
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the process of preparation. When a liver had been converted to slices, 
these were transferred from the KCl solution to an Erlenmeyer flask con- 
taining 50 ml. of substrate. The flask was shaken in a water bath at 37°. 
The substrate was a Krebs-Henseleit medium (13) from which CaCl, had 
been omitted. It had been fortified with ATP! (see below); in addition, 
15 mg. of non-labeled orotic acid (synthesized according to Nye and Mit- 
chell (14)) and 80 mg. of N'®H,Cl (excess N!® 65 per cent), dissolved in 5 
ml. of water and neutralized to pH 7.4, had been added. Before the start 
of the experiment a stream of a gas mixture of 95 per cent O2 and 5 per 
cent CO2 was bubbled through the medium for 15 minutes at 37°. During 
the whole incubation this gas mixture was blown at a slow rate over the 
surface of the medium. The incubation was carried out over a period 
of 8 hours. 

Significant bacterial contamination which would affect isotope incor- 
poration into nucleic acids does not take place under these conditions. 
This is shown by previous experiments (9) in which liver slices were in- 
cubated with N'*-orotic acid. If the isotope incorporation were to be 
ascribed to bacterial growth, the amount of incorporation per unit of 
time should have increased as the experiment progressed. This was, how- 
ever, not the case. 

After 8 hours incubation the flask was removed from the water bath and 
chilled in ice. 10 ml. of cold 30 per cent TCA! were added. After stand- 
ing for 5 minutes in ice, the suspension was filtered on a Biichner funnel 
and the slices and the coagulated material were removed from the filter 
paper, resuspended in 50 ml. of ice-cold 5 per cent TCA and refiltered. 
The combined filtrates were used for the isolation of the orotic acid. 
The slices were removed from the filter paper again, ground in a mortar 
with 500 ml. of alcohol, filtered, and washed with alcohol. The filtered 
material was then homogenized in a Waring blendor with ether, filtered, 
washed with ether, and dried. It was found to be advantageous to post- 
pone this treatment in the Waring blendor until this time, as otherwise 
filtration was often difficult to achieve. 1.4 gm. of dry material were 
obtained from which the PNA bases were isolated. 

Addition of ATP—Some evidence had been obtained that the presence 
of ATP® in the medium could improve the synthesis of pyrimidines from 
small molecules. Immediately before the start of the experiment, 50 mg. 
of ATP were dissolved in a small amount of ice-cold 5 per cent TCA and 
freed from barium by slow addition of the theoretical amount of ice-cold 
N H.SO,y. After removal of the BaSO, the TCA was carefully extracted 
from the supernatant with ether several times, the solution being kept 
at low temperature during the whole procedure. It was then neutralized 


’ ATP was purchased from the Sigma Chemical Company as its dibarium salt. 











394 OROTIC ACID AND PYRIMIDINES 


to pH 7.4 with NaOH and the ether removed in vacuo. The volume of 
the remaining Na ATP solution was brought to 7 ml. From this, 3.5 ml. 
were added immediately to the incubation medium at the start of the 
experiment, while the rest of it was added as 0.5 ml. portions at 1 hour 
intervals during the whole experiment. 

Isolation of Orotic Acid—The combined clear TCA filtrates from the 
slices were extracted several times with ether until most of the TCA had 
been removed. A few ml. of octyl alcohol were added each time in order 
to facilitate separation of the layers. The water layer was then made 
slightly alkaline with strong NaOH, boiled for 10 minutes, and filtered. The 
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Fig. 1. Chromatogram on a Dowex 2 column of mother liquor from the experi- 
ment with liver slices. The second peak corresponds to orotic acid. 


precipitate was washed with hot water and discarded. The combined 
filtrates were acidified with HCl and evaporated to dryness in vacuo. 
The dry residue was dissolved in 15 ml. of hot water and added to the 
top of a Dowex 2 (chloride form) column (diameter 2 cm., length 15 cm.). 
The material was eluted with 0.2 n HCl. Hourly fractions, about 10 
ml. each, were taken and analyzed by ultraviolet absorption. The results 
at two wave-lengths which correspond to the maxima of the first and second 
peak respectively are given in Fig. 1. Fractions having their maximal 
absorption at 2840 A were combined and evaporated to dryness in vacuo. 
The residue was dissolved in 10 ml. of hot water and again adsorbed on an 
identical Dowex 2 column. The elution, however, was carried out with 
0.5 nN HCl. This time a complete separation of two peaks was obtained, 
the second of which conesponded to orotic acid. These fractions were 
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combined, taken to dryness in vacuo, and freed from HCl. The amount 
of orotic acid in this peak as calculated from light absorption was 13 mg. 
In other similar experiments the percentage of the added orotic acid which 
could be reisolated was not so high. The residue after the evaporation of 
HCl, which was practically pure orotic acid, was recrystallized three times 
from water and the isotope content determined on each fraction. The 
values were as follows: first crystals, 3.45 per cent excess N'; first recrystal- 
lization, 3.63 per cent excess N'; second recrystallization, 3.63 per cent 
excess N™; third recrystallization, 3.57 per cent excess N!®. 

Isolation of Purines and Pyrimidine Ribosides—The introduction of ion 
exchange chromatography into the chemistry of nucleic acid by Cohn 
(15, 16) has greatly simplified preparative work in this field. DNA and 
PNA mononucleotides were prepared according to Hammarsten (17) and 
were separated by precipitation of the DNA with lanthanum acetate in- 
stead of lanthanum nitrate, as described in the original method. The pH 
before and after the precipitation with lanthanum was carefully adjusted 
to 2 to 2.5 with n HCl, since at higher pH values the PNA mononucleotides 
begin to precipitate. When the lanthanum DNA had been removed, 0.1 
volume of 10 nN HCl was added to the solution of the PNA mononucleotides 
and the purines split off by hydrolysis at 100° for 1 hour. The solution was 
then taken to dryness in vacuo. The following separation of the pyrimi- 
dine mononucleotides and purines on a Dowex 50 column was based on the 
work of Cohn (15). The dry residue after the evaporation of HCl was 
dissolved in water and adsorbed on a Dowex 50 (H+ form) column (di- 
ameter 1 cm., length 8 cm.). The mononucleotides were eluted and sepa- 
rated with 0.1 N acetic acid. When the cytidylic acid was completely 
eluted, the solvent was changed to 2 n HCl and the purines taken sepa- 
rately off the column. Analysis of the chromatographic fractions were 
carried out by light absorption. As the uridylic acid was eluted in the 
solvent front, it was further purified by a chromatogram on a Dowex 2 
column, elution being carried out with 0.008 n HCl (16). 

The amount of material in the present investigation was much too small 
to permit crystallization and therefore the final purification was carried 
out on a starch column. For this purpose the pyrimidine mononucleotides 
were combined first, dephosphorylated with prostatic phosphatase, and 
then chromatographed on starch as the ribosides (18). The combined 
purines were chromatographed directly on starch (19). 


DISCUSSION 


The present data are in full accordance with the hypothesis that orotic 
acid is a natural intermediate in the biogenesis of PNA pyrimidines in liver 
slices. The observed excess of N!® in the orotic acid at the end of the 








396 OROTIC ACID AND PYRIMIDINES 


incubation period proves that in this system orotic acid was synthesized 
from ammonia. This, together with the considerable dilution effect of 
orotic acid on the incorporation of N“H,Cl into PNA pyrimidines and the 
earlier finding (9) that orotic acid is used directly by the same system for 
the synthesis of pyrimidines, makes the following reaction plausible: 


i, Os cnttie aia © PA eritadiion @ 

The dilution effect is greater for uracil than for cytosine, a result, which 
probably is explained by the amino group of cytosine. This group in- 
corporates N'* from N?*-glycine (5) and, since glycine as such is not a 
precursor of pyrimidines, this incorporation should take place via the nitro- 
gen pool. Thus ammonia should be an active precursor for the amino 
group of cytosine and of course would not be diluted by orotic acid. No 
dilution effect was noticed in the case of the purines. Such a dilution 
effect was naturally not expected, since nothing is known of a connection 
between orotic acid and purine synthesis. That the amount of isotope 
in the purines from the two experiments is practically the same indicates, 
on the other hand, that in both experiments approximately the same 
amount of nucleic acid synthesis did take place. 

The quantitative aspects of the present results are at first sight rather 
surprising. ‘These results have been confirmed by similar experiments in 
which carboxyl-labeled aspartic acid and a bank of unlabeled orotic acid 
were incubated with slices from regenerating liver.2 Also in this instance 
a high content of label was found in the orotic acid at the end of the ex- 
periment. This finding makes it rather probable that in the present ex- 
periment a real de novo synthesis of orotic acid took place and that little, 
if any, of the isotope was incorporated by an exchange reaction between 
orotic acid and ammonia. Thus the isotope content of orotic acid in Table 
I indicates that about 5 per cent of the orotic acid present at the end of 
the experiment had been newly synthesized from ammonia. As the re- 
covery of the added orotic acid was practically quantitative, this would 
indicate that about 0.75 mg. of new orotic acid had been formed from 
ammonia during the experiment. On the other hand the amount of PNA 
pyrimidines present at the end of the experiment can be roughly estimated 
to be 5 to 7 mg. If about 0.75 mg. of new pyrimidine also had been syn- 
thesized, this would correspond to a new synthesis of about 10 to 15 per 
cent of PNA pyrimidines. In reality, however, this value has been found 
to be 2 to 3 per cent (9). The same discrepancy can be observed directly 
from Table I. If pyrimidines were synthesized from ammonia to the same 
extent as is orotic acid, the N' value for uracil in the experiment without 
orotic acid (0.89 per cent excess) should actually be higher than the cor- 
responding value for orotic acid in the other experiment (5.55 per cent 
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excess), as the amount of PNA pyrimidines in these experiments was 
much smaller than the amount of added orotic acid. This discrepancy 
indicates strongly a relatively more rapid synthesis of orotic acid, and 
points to the fact that in liver slices reaction a (Equation I) is working 
considerably faster than reaction b. One. possible explanation might be 
that the formation of orotic acid from smaller molecules is less dependent 
on cell structure than the synthesis of PNA pyrimidines. 

There is at least one other possible explanation for the present experi- 
mental results: 

(c) (d) 


NH; ——— intermediate ——-— PNA pyrimidines 089) 


If te) 


Orotic acid 


Equation II would explain the experimental data if reaction e in slices 
were much faster than reaction d. The scheme differs from that of Mit- 
chell et al. (3) in that reaction e is reversible. The intermediate would have 
to be a substance very much like orotic acid, as it has been found that a 
4-carbon molecule is a precursor for pyrimidines (20). As other evidence 
shows that other pyrimidine ribosides are metabolically much more active 
substances than the corresponding free pyrimidines (21), the possibility 
that orotic acid riboside is the intermediate arises. However, in all in- 
stances so far investigated (22, 23) the rat cannot synthesize ribosides 
from free pyrimidines. It is difficult to see why orotic acid should react 
in any other way if it is not an actual intermediate. It therefore seems that 
Equation I is considerably more probable than Equation II and the present 
experiment is considered to be strong evidence that orotic acid actually is 
a natural intermediate in the synthesis of pyrimidines. 

Since the isotope incorporation into orotic acid is much higher than into 
PNA pyrimidines, this system is valuable for studying synthesis of pyrimi- 
dines from smaller molecules. Whatever the real function of orotic acid 
may be, it may be assumed that the synthesis of orotic acid is carried out 
in the same way as that of pyrimidines. Studies of the pathway of syn- 
thesis of orotic acid should thus prove to be a valuable tool in investigations 
of PNA pyrimidine biogenesis. 


SUMMARY 


Slices from regenerating liver were incubated together with N'H,Cl 
and non-labeled orotic acid. It was shown that at the end of the experi- 
ment orotic acid had incorporated a considerable amount of the isotope, 
while uracil from PNA had incorporated only one-fifth of the expected 
amount of N'*, These findings are discussed and the most probable ex- 
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planation is that orotic acid is a natural intermediate in the synthesis of 
PNA pyrimidines, 


Be wnd 
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OXIDATION OF URIC ACID CATALYZED BY COPPER 
AND BY THE CYTOCHROME-CYTOCHROME 
OXIDASE SYSTEM 


By MERVYN GRIFFITHS 


(From the Australian Institute of Anatomy, Commonwealth Department of Health, 
Canberra, Australia) 


(Received for publication, February 25, 1952) 


In a preliminary report it was shown that uric acid is oxidized by cyto- 
chrome c (1). It was pointed out that the oxidation, in its initial stage at 
least, was a transfer of an electron from uric acid to ferricytochrome ce. 
The oxidation product might then be described as dehydrouric acid, analo- 
gous with dehydroascorbic acid or with cystine, the products of the oxida- 
tion catalyzed by heavy metals of ascorbic acid and cysteine respectively. 
Owing to the high molecular weight of cytochrome c, very little oxidized 
uric acid can be obtained, even when concentrated solutions of cytochrome 
are used. A further objection to the use of cytochrome is that spectro- 
photometric measurement of the oxidation at 293 my, the absorption maxi- 
mum of uric acid, is difficult due to the strong absorption of ferricytochrome 
cat 280 my (2). It was considered possible, however, that inorganic salts 
of heavy metals such as iron, manganese, or copper might catalyze the 
oxidation of uric acid by oxygen in the manner described by Warburg (3) 
for cysteine. Cupric chloride has been found to be a suitable catalyst, 
which also possesses the advantage of low absorption in ultraviolet light. 
The results of some experiments which demonstrate this catalytic oxidation 
of uric acid by copper and by the cytochrome-cytochrome oxidase system 
are reported below. 


EXPERIMENTAL 


Manometry—Oxygen uptake was measured with Warburg manometers 
by the conventional technique except that KOH was not used in the center 
well in experiments carried out at pH 11.8 or above. The gas phase was 
air in all experiments. CO, formation was measured by the evolution of 
gas after addition of 0.3 ml. of concentrated HCl to the reaction mixture 
(pH 12.4) at the completion of O. uptake. The experiment was controlled 
with respect to CO, uptake from the atmosphere. In the experiments on 
inhibition by KCN or by sodium pyrophosphate the inhibitors were ad- 
justed to pH 7.5 and were added to the reaction mixture at zero time. 
Additional catalyst for the prevention of inhibition was also added at zero 
time. 
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Chemical—Analytical reagent grade chemicals were used throughout, 
with the exception of uric acid (British Drug Houses product). 

Water doubly distilled over glass was used throughout. 

Cytochrome c was prepared by the methods of Keilin and Hartree (4) 
for cytochromes to contain 0.34 or 0.43 per cent iron. The preparations 
were standardized spectrophotometrically. Both products were equally 
effective in oxidizing uric acid. 

A cytochrome oxidase preparation was made by the following procedure. 
Beef heart freed from ligaments and fat was minced and stirred in tap 
water for 5 minutes. 100 gm. of this mince were ground in a mortar with 
sand and a little 0.1 m phosphate buffer of pH 7.9 for 15 minutes. Further 
buffer was added during the grinding until a total of 200 ml. had been 
added. The slurry was then strained through muslin and allowed to stand 
at 4° overnight. The liquid had a pH of 7.6 and was stirred well before 
pipetting. The endogenous respiration of the preparation was quite low. 

Spectrophotometry—Measurements were made on a Hilger photoelec- 
tric quartz spectrophotometer with 2 cm. quartz cells. 


Results 


Oxidation Catalyzed by Copper—lIt is apparent from Fig. 1 that in the 
presence of CuCl, oxygen is taken up by uric acid in phosphate-NaOH 
buffer. At pH 8.2 the uptake is scarcely perceptible, but with increase in 
pH the rate of oxidation increases until at pH 12.4 it is quite rapid. The 
O, uptake ceases at a level corresponding to 9.6 X 10-* gm. atom of oxygen 
for 9.5 X 10-® gm. mole of uric acid. The hydrogen removed from the 
uric acid is probably oxidized to H:O2. Since H,O2 breaks down at high 
pH, it was not possible to detect it chemically, and estimation while the 
reaction was in progress by the use of peroxidase was not attempted, since 
the enzyme would not function at high pH. However, by analogy with 
the metal-catalyzed oxidation of cysteine or of ascorbic acid it is assumed 
that H,O, is formed during the oxidation. The reaction! might then be 
formulated as indicated in the accompanying structures. 

The dehydrouric acid formed must be decomposed, leading to decarboxy- 
lation, since it was found that 2.05 X 10-* mole of CO, was formed during 
the oxidation of 9.5 X 10-* mole of uric acid (cf. Klemperer (5)). 

At high pH there is considerable “autoxidation” in the absence of added 
copper. Since this autoxidation is completely inhibited by KCN (Fig. 1, 
Curve F), it is presumably an oxidation catalyzed by a heavy metal im- 
purity. The oxidation catalyzed by copper is also inhibited by KCN (Fig. 
2), but if extra copper is added at the same time as the KCN the inhibition 


1 The structure given for dehydrouric acid is highly speculative and it should be 
stressed that alternative structures could be suggested. 





XUM 





out 


(4) 
ions 
ally 


ure. 
tap 
With 
ther 
een 
and 
fore 
low. 
‘lec- 


the 
OH 
e in 
The 
gen 

the 
righ 

the 
ince 
vith 
med 
. be 


)xy- 
ring 


ded 


tion 


d be 





XUM 


M. GRIFFITHS 401 


is prevented and a greatly enhanced oxygen uptake occurs (Fig. 2, Curve 
E). This is possibly due to the formation of an addition compound of uric 
acid and cyanide (cf. Colowick, Kaplan, and Ciotti (6)) which is readily 
oxidized by Oy in the presence of sufficient copper. 
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Fig. 1. Oxygen uptake by uric acid in 0.1 m phosphate buffer in the presence of 
CuCly. 4 ml. of 0.0095 m uric acid, 0.5 ml. of 0.002 m CuCle, 0.5 ml. of water or 0.5 
ml. of 0.01 mM KCN to give a final volume of 5 ml.; temperature 38°. Curve A, uric 
acid + Cu, pH 12.4; Curve B, uric acid + Cu, pH 11.8; Curve C, uric acid + Cu, pH 
8.2; Curve D, uric acid + water, pH 12.4; Curve E, uric acid + water, pH 11.8; Curve 
F, uric acid + Cu + KCN, pH 12.4. 


Pyrophosphate does not inhibit the oxidation of uric acid catalyzed by 
copper. This is similar to the case of oxidation of cysteine in the presence 
of copper. Pyrophosphate here does not inhibit oxidation, since the copper 
pyrophosphate complex has greater stability than the copper-cysteine com- 
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plex, and since copper pyrophosphate transports oxygen to cysteine (7). 
The inference from this is that.uric acid forms a relatively stable cuprous- 
uric acid-O» addition compound similar to that postulated by Michaelis (8) 
for cysteine and iron. The high activation energy involved in the reduc- 
tion of molecular oxygen requires the postulation of complex formation. 
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Fig. 2. Inhibition by KCN of oxidation of uric acid catalyzed by Cu. 4 ml. of 
0.0095 m uric acid in 0.1 m phosphate buffer, 0.5 ml. of CuCl, concentration as indi- 
cated, 0.5 ml. of 0.01 mM KCN or 0.5 ml. of water to give a final volume of 5 ml.; pH 
11.8; temperature 38°. Curve A, uric acid + 0.002 m CuCl; Curve B, uric acid + 
0.004 m CuCl.; Curve C, uric acid + 0.002 m CuCl, + KCN; Curve D, uric acid + 
KCN; Curve E, uric acid + 0.004 m CuCl, + KCN. 








2-0 
yw ts 17°C 
: { 
= | 
ro) 
re) 
m 
a 
8 05 

320 330 340 350 360 
+ x10° 


Fig. 3. Arrhenius equation plot of O, uptake by uric acid in 0.1 m phosphate buffer 
_ in the presence of CuCl,. 4 ml. of 0.0095 M uric acid, 0.5 ml. of 0.002 m CuCl:, 0.5 
ml. of water, pH 12.6. The points below 20° were used for the calculation. The 
line was fitted by the method of least squares. 
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Thus the system copper-uric acid-O2 should have a relatively low energy of 
activation to be consistent with the formation of a complex. The activa- 
tion energy calculated from the Arrhenius plot in Fig. 3 is indeed quite low, 
about 16,950 calories per mole. The activation energy was calculated on 
the lower part of the curve, which is reasonably linear. The departure 
from linearity at about 22° was accompanied by the appearance of turbid- 
ity in the reaction mixture. This turbidity appeared more quickly at 
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Fic. 4. Absorption spectrum of uric acid in the presence of CuCl,.. 4 ml. of 0.00019 
M uric acid in 0.1 mM phosphate buffer, 0.5 ml. of 0.001 m CuCl, or 0.5 ml. of H,O. Blank 
cuvette, 4 ml. of phosphate + Cu or H,O. pH 11.4; temperature 21-22°. Curve A, 
uric acid + water; Curve B, same reaction mixture 30 minutes later; Curve C, uric 
acid + Cu, spectrum taken between 1 and 7 minutes after addition of Cu; Curve D, 
same reaction mixture, spectrum taken between 10 and 17 minutes after addition 
of Cu. 


higher temperatures, but at temperatures lower than 20° the reaction mix- 
tures remained clear. 

Spectrophotometric Observations—When CuCl, is added to uric acid in 
phosphate buffer at pH 11.4, the extinction decreases at all wave-lengths 
at which uric acid absorbs (Fig. 4). The decrease in extinction at the ab- 
sorption maximum of uric acid (293 my) as a function of the reaction time 
is shown in Fig. 5. The decrease in extinction is similar to that occurring 
when uric acid is oxidized by Oz» in the presence of uricase. The rate of 
decrease is much slower at pH 10.6 than at pH 11.4, but an increase in 
extinction occurs at 320 my at the lower pH. One is reminded of Prae- 
torius’ (9) observation of a transient increase in extinction at wave-lengths 
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between 305 my and 340 my when the oxidation of uric acid is catalyzed 
by uricase. Praetorius showed that the concentration of the substance 
absorbing at these wave-lengths was dependent on the velocity of the oxi- 
dation of the uric acid; 7.e., that the substance was enzymatically formed 
by the oxidation of the uric acid. The substance is rapidly decomposed 
by alkali and by borate ions, as shown by the decrease in extinction at 325 
my. Praetorius chose this wave-length since uric acid does not absorb at 
wave-lengths longer than 320 mu. 

Similarly it was found that when uric acid is oxidized in the presence of 
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Fig. 5. Extinction at wave-length 293 my during the oxidation of uric acid cata- 
lyzed by copper. 4 ml. of 0.00019 m uric acid in 0.1 m phosphate buffer; 0.5 ml. of 
0.001 m CuCl,. Blank cuvette, phosphate + Cu. pH 11.5; temperature 25°. 


copper at pH 10.2 an increase in extinction occurs at wave-lengths from 
310 to 340 my (Fig. 6). The rate of formation of the substance absorbing 
is apparently inhibited by an increase in pH or by borate ions (Fig. 6). 
This inhibition is really an accelerated decomposition, since a rapid decrease 
in extinction at 325 my occurs when alkali is added to the reaction mixture 
(Fig. 7). It would appear then that the substance absorbing at these 
wave-lengths is very similar to that found by Praetorius. An apparent 
difference is that the extinction at 325 my rises to a maximum and decreases 
to a minimum within 8 minutes when uricase is the catalyst; when copper 
is the catalyst, the rate of decay and rate of formation are steady for at 
least 40 minutes (Fig. 7). However, probably many substances occur in 
uricase powder capable of destroying the substance absorbing at 325 my. 
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Fic. 6. Extinction at wave-lengths 310 to 340 my during oxidation of uric acid 
catalyzed by copper. 4 ml. of 0.00038 uric acid, 0.5 ml. of 0.002 m CuCl,. @ (with 
solid lines), uric acid in 0.1 m phosphate buffer pH 10.2. X, uric acid in 0.1 m borate 
buffer pH 10.2. @ (with broken line), uric acid in 0.1 m phosphate buffer pH 12.0. 
Blank cuvette, appropriate additions; temperature 23°. 
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Fig. 7. Effect of NaOH and of glycine on substance absorbing at 325 mp. 4 mi. 
of 0.00038 uric acid, 0.5 ml. of 0.002 m CuCl; pH 10.2; temperature 22°. 0.5 ml. 
of m NaOH or 0.5 ml. of 0.01 m glycine added as indicated. Blank cuvette, 0.1 m 
phosphate + 0.002 m CuCl; 0.5 ml. of m NaOH or 0.5 ml. of 0.01 m glycine added 
just prior to similar additions to reaction mixture. Dotted vertical line, effect of 
dilution; broken line, extinction as a function of reaction time without any addition. 
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For example it has been found that glycine will bring about a slow decrease 
of absorption at 325 my when copper is the catalyst (Fig. 7). There is 
therefore good reason to suppose that the two substances are identical. 
Oxidation of Uric Acid Catalyzed by Cytochrome-Cytochrome Oxidase Sys- 
tem—With the cytochrome oxidase system in rat skeletal muscle it was not 
possible to demonstrate an oxygen uptake when uric acid was added as a 
hydrogen donor (1). This was attributed at the time to the slow rate of 
reduction of cytochrome c by uric acid. However, it has been found that 
a crude beef heart preparation in the presence of added cytochrome c cata- 
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Fie. 8. Oxygen uptake by uric acid in 0.1 m phosphate buffer in the presence of 
the cytochrome oxidase system. 3 ml. of 0.019 m uric acid, 0.8 ml. of 1.3 * 10-4 
cytochrome c, 1 ml. of enzyme preparation. Cytochrome and enzyme tipped in at 
zero time. pH 7.9; temperature 38°. Curve A, uric acid + enzyme + cytochrome; 
Curve B, uric acid + enzyme + 0.8 ml. of water; Curve C, 3 ml. of phosphate buffer 
+ enzyme + cytochrome. 


lyzes a considerable oxidation of uric acid at the physiological pH of 7.9 
(Fig. 8). This reaction would be formulated 


(1) 2Fet*+ cytochrome + 2 uric acid > 
2Fe** cytochrome + dehydrouric acid + 2H* 


(2) 2H* + 2Fet* cytochrome + 40, — H,O + 2Fe*** cytochrome 


DISCUSSION 


The similarity in the ultraviolet spectra when uric acid oxidation is cata- 
lyzed by uricase or by copper argues that dehydrouric acid is the first prod- 
uct of the oxidation when uricase is the catalyst. This revives the idea 
that the prosthetic group of uricase is a heavy metal with two valences. 
In this connection it will be recalled that Keilin and Hartree (10) demon- 
strated reversible cyanide inhibition of uricase many years ago. 

The question arises whether or not the increases in absorption between 
310 and 340 muy represent the spectrum of dehydrouric acid. It seems 
likely that this is so since Praetorius found that the increase in absorption 
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at 325 my was a consequence of the enzyme catalysis. It may be possible 
to demonstrate, with the aid of a reducing agent like H.S which can be 
removed from the reaction mixture, that the absorption at 325 my is de- 
creased and that uric acid is reformed by showing a concomitant increase 
in absorption at 293 mu. 

The observation that uric acid can be oxidized at physiological pH by 
the cytochrome oxidase system indicates the possibility that uric acid may 
be oxidized in small amounts in organisms lacking uricase, such as man 
and birds. 


SUMMARY 


1. Uric acid at alkaline pH is oxidized by oxygen in the presence of cata- 
lytic amounts of copper. The initial oxidation product is thus analogous 
with dehydroascorbic acid or with cystine and has been termed dehydro- 
uric acid. 

2. The oxidation is inhibited by potassium cyanide. Addition of extra 
copper will prevent cyanide inhibition and will result in an enhanced oxy- 
gen uptake. Pyrophosphate will not inhibit the oxidation. 

3. The activation energy of the system, copper-uric acid-O2 is about 
16,950 calories per mole, a figure consistent with the postulate of formation 
of a relatively stable addition compound. 

4. Ultraviolet spectral changes accompanying the oxidation in the pres- 
ence of copper are identical with those occurring when uric acid is oxidized 
with uricase as the catalyst. 

5. Uric acid is oxidized at physiological pH in the presence of the cyto- 
chrome-cytochrome oxidase system. Thus it is possible that uric acid is 
oxidized in small quantities in organisms lacking uricase. 
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ISOLATION OF THE PHYTOPATHOGENIC TOXIN OF 
PSEUDOMONAS TABACI, AN ANTAGONIST 
OF METHIONINE 


By D. W. WOOLLEY,* R. B. PRINGLE,{f anp ARMIN C. BRAUN 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, February 27, 1952) 


When the causative organism of “wildfire disease” of tobacco, viz. Pseu- 
domonas tabaci, is grown in a chemically defined medium, it elaborates an 
extracellular toxin which will reproduce the pathological manifestations 
of the natural disease. When such bacteria-free culture filtrates are ap- 
plied to leaves of tobacco plants, chlorotic lesions identical with those seen 
in infected plants are produced. Braun has recently shown (1) that these 
toxic culture filtrates inhibit the growth of Chlorella vulgaris, and in this 
alga the harmful effects were antagonized in a competitive fashion by 
methionine. Other amino acids did not so interfere with the action of 
the toxin. Braun further observed that a synthetic antimetabolite of 
methionine, viz. methionine sulfoximine, would elicit in tobacco leaves 
typical chlorotic lesions quite similar to those caused by the toxin of P. 
tabaci. 

In view of these facts, a working hypothesis has been formed that the 
toxin of P. tabaci may be a structural analogue of methionine and may owe 
its biological activity in plants to its behavior as a naturally occurring 
antimetabolite. The object of the present investigation was to isolate 
the toxin in pure form and, subsequently, to test this postulate by deter- 
mination of the structure of it. The present paper will describe a simple 
yet effective method for accomplishing the isolation, and will list some of 
the physical and chemical properties of the active substance. If sub- 
sequent work should reveal that this toxin actually is a structural analogue 
of methionine, and thus a naturally occurring antimetabolite of that amino 
acid, it would be the second instance in which a phytopathogenic toxin 
has been implicated as acting in this fashion. Lycomarasmin, the toxin 
of Fusarium lycopersici, a tomato leaf-wilting fungus, has been shown to 
antagonize the growth-promoting properties for bacteria of strepogenin 
concentrates and of synthetic serylglycylglutamic acid (2,3). The lyco- 
marasmin is related structurally to this tripeptide (4). However, this 
case lacks clarity both because the structure of the natural metabolite 


* With the technical assistance of G. Schaffner and N. Smith. 
t Postdoctorate Fellow of the National Institutes of Health. 
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strepogenin is unknown and because in tomato leaves the antagonism 
between toxin and growth factor could only be demonstrated with small 
doses of lycomarasmin. The antagonism thus was non-competitive in the 
plant. With the toxin of P. tabaci, on the contrary, the antagonism to 
methionine in C. vulgaris was competitive and demonstrable over a large 
range of concentration. Although this competitive relationship was 
clearly evident in the unicellular plant C. vulgaris, in the natural host for 
the disease, 7.e. tobacco leaves, methionine was unable to counteract the 
toxin of P. tabaci. Nevertheless, if the toxin should prove to be a struc- 
tural analogue of methionine, its ability to function as an antimetabolite 
in one plant would constitute a relatively clear example of the functioning 
of a naturally occurring antimetabolite in the causation of disease. 


EXPERIMENTAL 


Manner of Assay—A roughly quantitative method for judging the 
amount of toxin in a solution was found to be the following. Serial dilu- 
tions of a given solution were prepared in water and 1 drop (0.05 ce.) of 
each was placed on the upper surface of a tobacco leaf. Plants about 6 
inches high were commonly used and the drop was applied between the 
larger veins of a leaf about 1 to 2 cm. from the midrib. A prick was then 
made through the drop with a dissecting needle and the inoculated plants 
were placed under a bell jar on a greenhouse bench. A 1000 watt in- 
candescent bulb with a reflecting shade was placed about 3 feet above the 
bell jars to speed the reaction. The plants were examined 24 hours later. 
A second reading was made after 48 hours because occasionally reactions 
were slightly delayed. Usually ten inoculations were made on a leaf for 
each preparation studied. Care was taken that all solutions to be assayed 
were between pH 6 and 7, and that they did not contain excessive amounts 
of chemical reagents which in themselves were injurious to living matter 

Solutions containing the toxin caused the appearance of a slight necrotic 
spot surrounded by a characteristic yellow halo. This chlorotic halo in 
which chlorophyll had disappeared was the most distinctive feature of 
the lesion. The potency of any solution was indicated by the diameter 
of the spot, which became larger as the concentration of toxin increased. 
By covering a 10-fold dilution range and by noting the diameters of the 
lesions, a reproducible estimate of potency could be found. For directing 
the isolation of the toxin, 2-fold dilutions were used and the end-point 
was taken as the greatest dilution which would produce a discernible 
typical lesion. When the same solution was tested at different times, the 
value for the potency was found to be the same. Thus, the results were 
reproducible. 

Production of Toxic Filtrates—A strongly pathogenic strain of P. tabaci 











XUM 


all 
he 


1g 
nt 
le 
1€ 
re 








XUM 


D. W. WOOLLEY, R. B. PRINGLE, AND A. C. BRAUN 411 


was inoculated into 12 liter batches of a chemically defined medium which 
contained sucrose 10 gm., KNO; 5 gm., Ke2HPO, 0.8 gm., NaH.PO,- HO 
0.8 gm., MgSO.-7H2O 0.2 gm., CaCl.-2H.O 0.1 gm., FeSO. 7H.O 20 
mg., respectively, per liter. The cultures were aerated vigorously for 4 
days at about 25°. The cells were then removed in a Sharples centrifuge 
and the metabolism solution was assayed on tobacco leaves. If a dilution 
of 1:20 did not show activity, the preparation was discarded. If the 
strain of organism was not carefully selected or if variations in the method 
of culture were allowed, less potent solutions frequently resulted, from 
which pure toxin was much more difficult to obtain. 

Tsolation—12 liters of active filtrate were rapidly mixed with 10 cc. of 
concentrated HCl and 75 gm. of Norit A. The pH was adjusted to 2.8 
without delay by the addition of more acid. Great care was taken to 
assure that the solution did not become alkaline during the addition of 
the Norit because, if it did, the toxin was destroyed. The suspension was 
stirred for 15 minutes and the Norit was filtered off and washed twice 
with water. The filtrate and washings were then concentrated rapidly 
under reduced pressure at a temperature below 50°. When the volume 
was about 600 cc., the solution was placed in a large evaporating dish 
before a fan. When the contents of the dish weighed 250 gm., 2.5 liters 
of methanol were added, and the precipitate which formed was filtered off 
and washed well with methanol. To the combined filtrate and washings, 
diluted to 3.5 liters with methanol, were added 25 cc. of acetic acid and 
200 gm. of aluminum oxide. The adsorbent had been prepared previously 
by repeated washing of Merck’s aluminum oxide, first with water, then 
with 1 per cent aqueous acetic acid, and then with methanol. The use 
of acetic acid in the solution during adsorption was essential because when 
it was omitted the toxin was completely destroyed and converted into one 
of the decomposition products to be described below. This was true even 
when acid-washed aluminum oxide was used. 

After the suspension of aluminum oxide had been stirred for 20 minutes, 
the adsorbent was filtered off and thoroughly washed by resuspension in 
methanol containing 1 per cent acetic acid. The combined filtrate and 
washings were again treated with a 200 gm. portion of prepared aluminum 
oxide. This second adsorbate was combined with the first. Unless very 
thorough washing of the adsorbates was carried out, difficulty was ex- 
perienced in obtaining a pure toxin. Assays of aliquots of the second 
aluminum oxide filtrate showed that not more than 10 per cent of the 
original activity had escaped adsorption. 

The combined adsorbates were suspended in 2 liters of water containing 
1 per cent acetic acid. After the mixture had been stirred for 15 minutes, 
it was filtered and the elution was repeated twice. 
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The combined eluates were concentrated under reduced pressure below 
50° to 8 cc. Propanol (16 cc.) was added, and the solution was fraction- 
ated on a powdered cellulose (Solka-floe BW 200)! column in the following 
manner. 

The column was prepared from Solka-floc which had been washed by 
a batch method ten times with water, six times with ethanol, and three 
times with acetone. This amount of washing removed all color and left 
the adsorbent clean enough so that less than 5 mg. of: solid matter per 
kilo could be removed from it by one additional wash with 67 per cent 
propanol. When the washed Solka-floc had been air-dried, 1 kilo was 
uniformly suspended in 3 liters of butanol and poured into a glass column 
8 cm. in diameter and 40 cm. long. The method described by Moore and 
Stein (5) for preparation of starch columns was employed. The column 
was washed for 24 hours with a mixture of 2 parts of n-propanol and | 
part of water, and was then ready for use. When the column had been 
properly prepared, this solvent flowed through it at the rate of 200 cc. 
per hour under a head of liquid of 50 to 60 cm. When the rate was faster, 
the subsequent separation was unsatisfactory. 

The concentrate of the toxin, contained in 24 cc., was poured on the 
column and 2:1 propanol-water was allowed to flow through it. The 
first 1900 cc. were discarded. Ten fractions, each of 200 cc., were col- 
lected. Usually the toxin was found in the third and fourth fractions. 
However, to insure the sharpest possible separation, each fraction was 
concentrated under reduced pressure to 20 cc. and a spot of each was 
placed on Whatman No. 1 filter paper. This sheet was then developed 
as an ascending chromatogram overnight, with the use of 2:1 propanol- 
water as solvent. In the morning the sheet was dried and sprayed with 
ninhydrin. The toxin formed a purple spot of Rr 0.26 in this solvent. 
Impurities of faster and slower Rr were to be found in the crude concen- 
trate. The analysis with the paper strip showed whether or not these 
impurities had been separated from the toxin-containing fraction. The 
rate of travel of the toxin on the column was influenced by changes in 
room temperature. The analysis of the fractions by the paper strip 
method, however, made possible the easy selection of the toxin-containing 
fraction. 

When the appropriate toxin-containing fraction was concentrated to 
dryness under reduced pressure at low temperature, a crystalline substance 
was formed in clusters of needles. These crystals were exceedingly hy- 
groscopic. They apparently consisted of a double salt between the toxin 
and the potassium salt of an unidentified organic acid. The product could 
be recrystallized by the cautious addition of acetone to a concentrated 


1 Obtainable from the Brown Company, Berlin, New Hampshire. 











h 
8 
C 
C 
I 
( 








SE a lo 


a 


we Vey [CU 








YUM 


D. W. WOOLLEY, R. B. PRINGLE, AND A. C. BRAUN 413 


solution in methanol. Considerable difficulty was found in the separation 
of the crystals because of their very pronounced hygroscopic character. 
For example, exposure of them to air of the relative humidity prevailing 
in New York City resulted in rapid liquefaction. The reasons for the 
conclusion that these crystals represented a complex salt were as follows. 
The substance showed activity on tobacco leaves down to a ‘concentration 
of 2 y per cc., and this value was unaltered by various reprecipitations. 
The isolated material contained a large amount of ash in which the sole 
metal was potassium. The pure toxin, free of ash, and showing activity 
at 1 y per cc., could be prepared from the salt in the manner to be de- 
scribed in the next paragraph. Analyses of a typical preparation of the 
crystals dried at 60° in vacuo showed C 39.4, H 5.6, N 8.8, ash 17.3. 

The pure toxin was obtained by solution of the complex salt in 8 cc. of 
water, addition of 3 gm. of mercuric acetate, and careful adjustment of 
the pH to 6.0 with powdered barium hydroxide. The precipitation of the 
toxin was allowed to proceed for 24 hours at —10°. The insoluble mer- 
cury salts were then collected and washed four times with 2 cc. portions 
of 0.1 per cent mercuric acetate. They were then suspended in 25 cc. of 
water + 2 cc. of 1 N H2SO, and decomposed with HS. The filtrate from 
BaSO, and HgS was concentrated under reduced pressure to about 10 
cc. and then treated with about 200 mg. of well washed Amberlite [R-4B 
(enough to raise the pH to 6.5). This resin removed the slight excess of 
H,SO, and also any alkali decomposition product which had been formed 
from the toxin. Careful evaporation of the aqueous solution yielded a 
glass which was made to solidify by solution in methanol and evaporation 
to dryness. Nine separate isolations of the toxin were thus carried out. 
The yield of pure substance varied from 40 to 100 mg., representing 20 to 
50 per cent of the activity of the original culture. 

Evidence for Purity—The physical and chemical properties of the toxin 
(which will be described below) made purification by the classical pro- 
cedures inadequate. For this reason some additional evidence was sought 
as to whether it was relatively free from impurities. 

In the first place, the biological activity of the isolated material was 
high (see below). This activity could not be increased per mg. of dry 
substance by a variety of partial precipitations with acetone or butanol, 
or other solvents, nor by repeated passage through chromatographic 
columns or through counter-current distribution between two liquid 
phases. Similarly, alternative methods of isolation, one of which will be 
described below, gave material of the same potency. 

The biological activity was associated with a ninhydrin-positive spot 
which moved in ascending 2:1 propanol-water with an Ry of 0.26 and in 
descending phenol saturated with water at an Ry of 0.57. This was de- 
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termined by eluting and assaying all the:sections of a paper chromato- 
gram, while at the same time a parallel strip was tested with ninhydrin. 
Activity appeared only in those places indicated by the ninhydrin. Fur- 
thermore, when a solution of toxin became inactivated by any one of the 
procedures to be described below, the ninhydrin-positive material of the 
Ry just given’ likewise disappeared. Partial inactivation led to diminu- 
tion in the intensity of these ninhydrin-positive spots when compared to 
the untreated solution. 

A sample of 200 mg. of the toxin was passed through forty-nine trans- 
fers in a Craig counter-current apparatus. The solvents were 5 per cent 
aqueous acetic acid and phenol, and equal volumes were employed in 
both layers. The run was completed with the utmost speed, because 
prolonged contact with these solvents was injurious to the toxin. The 
contents of each tube were freed of phenol with benzene (not with ether, 
since this solvent was deleterious) and the fraction of the total activity 
started with and the dry weight in each tube were determined. Activity 
plotted against the tube number gave a symmetrical curve with a peak in 
Tube 39. Dry weight plotted against tube number gave a similar and 
matching curve. 

A counter-current distribution in a new solvent system was performed. 
The solvents were 0.1 N HCl and secondary butanol containing 5 per cent 
of methanol by volume. The correspondence of activity and dry weight 
was good. Only seventeen transfers were made and the peak appeared in 
Tube 7. 

Alternative Procedures for Isolation—Before the development of the 
above procedure, a large number of other ways of isolation were investi- 
gated in considerable detail. One of these may be of interest since it 
illustrates additional properties of the toxin and gives data in support of 
one of the statements of the section on purity. 

A Norit filtrate of the culture filtrate was prepared as in the recom- 
mended method, and concentrated to 300 gm. This was then poured 
into 10 liters of cold acetone. Approximately 40 per cent of the activity 
was not precipitated but this solution was discarded. The acetone pre- 
cipitate was triturated with methanol and the soluble portion was con- 
centrated to a small volume. Addition of butanol caused the precipitation 
of considerable carbohydrate but the toxin remained in solution, provided 
that the pH was maintained below 2.6 with HCl. The active material 
was removed from the acid butanol solution by one extraction with water. 
The pH of this extract was raised to 4.5 with well washed Amberlite 
IR-4B. Evaporation of this solution to dryness at low temperature and 
trituration with secondary butanol containing sufficient dry HCl to main- 
tain the pH at 2 gave a solution from which the toxin was precipitated by 
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neutralization with butylamine. The material so obtained was dissolved 
in water and developed on ascending chromatograms of paper sheets with 
2:1 propanol-water. The band of Rr 0.25 to 0.30 was cut out and the 
toxin was eluted from it with water. Inorganic impurities which were 
simultaneously eluted were separated by passage through a counter- 
current distribution with phenol and dilute acetic acid and by precipita- 
tion of the toxin as the mercury salt. The preparation obtained in this 
way showed only one ninhydrin-positive spot of the Rr indicated for the 
preceding preparation (0.26 in 2:1 propanol-water). The biological po- 
tency per mg. of dry matter was the same as for material isolated by the 
recommended procedure. Five such preparations were obtained but in 
all the percentage yield of activity by this process was much lower than 
it was by the recommended procedure for the isolation of the toxin. 

Potency—The substance isolated by the recommended procedure was 
detectable in the tobacco leaf assay at 1 y per ce. Since 1 drop was the 
volume applied, it follows that a lesion was produced by 0.05 y of the 
substance. 

Properties—Aside from the biological action, the most outstanding prop- 
erty of the toxin was its marked instability. Constantly throughout the 
development of the isolation procedure this became evident. The com- 
pound showed a degree of instability comparable to that of penicillin. 
It slowly lost potency when stored in aqueous solution at pH 6, so that after 
a month at 0° most of the activity had disappeared. In methanol the 
inactivation was considerably more rapid. As the pH was shifted to either 
side of 6, the rate of destruction increased. Especially was this true in 
alkaline ranges. Thus, approximately half of the activity was destroyed 
in 15 minutes at room temperature in 0.1 M NaHCO; (pH 8.2). In more 
alkaline solutions inactivation was considerably more rapid. In acid solu- 
tion the toxin was somewhat more stable, so that above pH 2 the rate of 
inactivation was slow enough to permit operations such as those used for 
the isolation. Two ninhydrin-positive decomposition products of the toxin 
were observed. One of these was formed during brief exposure to alkali 
(1 hour in 1 n NH,OH at 25°). On an ascending paper chromatogram 
with 2:1 propanol-water it showed an Ry of 0.18. When either this 
substance or the toxin itself was hydrolyzed by refluxing with 6 n HCl, 
another ninhydrin-positive substance was formed which showed an Rr 
of 0.06 in propanol-water, and of 0.10 in descending phenol saturated with 
water. This substance was for a time thought to be cysteic acid? because 
of the Rr values, but subsequent isolation showed that it contained no 
sulfur. It thus moved more slowly on paper chromatograms than any 


2 Compare the preliminary report given before the American Chemical Society at 
Cleveland in April, 1951. 
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other common amino acid. Because it was readily destroyed by chlor- 
amine-T, it was considered to be probably an a-amino acid, and one which 
was previously unknown. Both these decomposition products were bio- 
logically inactive and indeed could be recognized in paper chromatograms 
of toxin samples which had become inactive during storage. 

The toxin was exceedingly soluble in water and very hygroscopic. For 
this reason the analytical values must be construed with caution. 

The toxin was readily soluble in methanol, and somewhat in ethanol, 
but in n-butanol and higher alcohols it was sparingly so at neutrality, 
In acetone, ethyl acetate, and less polar organic liquids it was relatively 
insoluble. 

The substance was colorless, and solutions in water showed no charac- 
teristic absorption of ultraviolet light, even at a concentration of 0.1 per 
cent. In such relatively strong solutions, only end-absorption was ob- 
served. 

For analysis, the substance was dried for many hours to constant weight 
at 56° and weighed in a closed vessel. It contained C 41.8, H 6.5, N 12.5. 
A second preparation contained 12.7 per cent nitrogen. Sulfur and phos- 
phorus were absent. 

The toxin was concluded to be an a-amino acid partly because of the 
color reaction with ninhydrin, but more especially because exactly one- 
half of its total N was estimable with the Van Slyke nitrous acid procedure, 
and likewise by the decarboxylation method with ninhydrin, as developed 
by Van Slyke et al. (6).* 

The toxin was not precipitated from aqueous or ethanolic solution 
by picric acid, flavianic acid, various azobenzenesulfonic acids, H2PtCl,, 
HAuCh, or HgCl. It was not adsorbed by Amberlite IR-4B, but was 
irretrievably adsorbed by Amberlite [R-100 or Dowex 50. 

Is the isolated toxin an artifact? To gain evidence as to whether the 
isolated material was the native toxin or whether it was some simpler 
degradation product produced by the reagents used during the isolation, 
the following experiment was performed. The crude culture filtrate of 
P. tabaci was placed in a narrow band at the starting line of an ascending 
paper chromatogram, which was then developed with 2:1 propanol-water. 
The strip was dried and cut into twelve equal bands. Each of these 
was eluted with water and the eluates were assayed. Activity was found 
only in that portion of the paper corresponding to Ry 0.26. By this very 
mild manipulation, therefore, the isolated material could not be distin- 
guished from the active substance of the culture. 


3 We are greatly indebted to Dr. J. R. Weisiger for the determinations of amino 
nitrogen. 
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SUMMARY 


A procedure for the assay of the phytopathogenic toxin elaborated by 
Pseudomonas tabaci has been developed. By use of this test to follow 
potency, a relatively simple method has been perfected for the isolation 
of the active material in pure form. Evidence for purity has been pre- 
sented. ‘The isolation involved the adsorption of the toxin contained in 
Norit filtrates of the culture from methanol plus acetic acid on aluminum 
oxide, its elution with aqueous acetic acid, and its chromatographic puri- 
fication on a Solka-floc column bathed with dilute propanol. The crystal- 
line double salt which was so obtained was parted by a treatment with 
mercuric acetate to yield an insoluble mercury salt from which the toxin 
was regenerated. About one-half of the activity of culture filtrates was 
isolated as this pure substance. A lesion on tobacco leaves was produced 
by 0.05 y of the pure material. The toxin was quite unstable, most es- 
pecially above neutrality. Various other properties of the toxin were 
described and two ninhydrin-positive decomposition products, the second 
of which was derivable from the first, were shown. The analytical findings 
indicated that the toxin was an a-amino acid. Hydrolysis with strong 
acid yielded a new ninhydrin-positive substance which appeared to be a 
previously unrecognized amino acid. 
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RENAL PHOSPHATE AND CARBOHYDRATE METABOLISM 
STUDIED WITH THE AID OF RADIOPHOSPHORUS* 
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(From the Department of Biochemistry and Nutrition, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, December 26, 1951) 


This paper presents the results of a study in which radioactive phos- 
phorus has been employed in an investigation of renal carbohydrate and 
phosphate metabolism. The time-course of the specific activities of var- 
ious phosphate esters in the kidneys of normal, phlorhizinized, and glu- 
cose-treated cats was determined. The difficulties in attempting to dem- 
onstrate the mechanism of tubular transport of glucose or phosphate by 
this technique are discussed in the light of the metabolic and histologic 
heterogeneity of the kidney. 


EXPERIMENTAL 


Mongrel cats, fasted for 24 to 36 hours, were used in all experiments. 
The cats were lightly anesthetized with ether to facilitate handling and 
then were given sodium pentobarbital (30 mg. per kilo) intraperitoneally. 
The saphenous vein was used for intravenous administration. 

The experiments proper consisted of the fractionation of the total acid- 
soluble phosphate of the kidneys, which were excised at various times 
after the injection of P®. Large cats were given an intravenous injection 
of 5 per cent NaCNS (0.5 ml. per kilo) 40 minutes before the animals were 
to be sacrificed. At the proper time, P® (10 we. per kilo as a 10 uc. per 
ml. solution of carrier-free radioactive sodium phosphate! in isotonic sa- 
line at pH 7.4) was injected intravenously.? 20 seconds before the end of 
the experiment the peritoneal and thoracic cavities were opened. Ap- 
proximately 12 ml. of blood were obtained as quickly as possible from the 
heart. At the start of this collection period, one kidney was ligated and 
rapidly excised; at the end of the collection period, the other kidney was 
excised. The kidneys were rapidly bisected, decapsulated, and frozen 


* These studies were carried out under contract No. AT(40-1)-289 between Duke 
University and the Atomic Energy Commission. A preliminary report of this in- 
vestigation was presented at the Twelfth International Congress of Pure and Applied 
Chemistry, New York, September 9-13, 1951. 

+ Public Health Service Research Fellow of the National Heart Institute. 

P82 was obtained as a dilute solution of H;PO, from the Radioisotopes Division, 
United States Atomic Energy Commission, Oak Ridge, Tennessee. 

* The time taken for this injection was approximately 6 seconds. 
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in a dry ice-ether mixture. The time between the ligation of the first 
kidney and the removal of the second was usually between 10 and 30 
seconds. 

Plasma was separated in a refrigerated centrifuge, and a 1:10 filtrate 
with 5 per cent trichloroacetic acid (TCA) was prepared. Ammonium 
phosphomolybdate precipitates were prepared in duplicate, by the method 
of Sacks (1), from 20 ml. aliquots of the plasma TCA filtrate. 

The frozen kidneys were powdered, extracted for 15 minutes with 6 
volumes of ice-cold 10 per cent TCA, and filtered into a chilled receiver, 
Fractionation of the acid-soluble phosphate was carried out in duplicate 
by the method of Sacks (1), with 40 ml. aliquots of the TCA filtrate. By 
this method the following fractions were separated as ammonium 
phosphomolybdate precipitates: inorganic phosphate, acid-stable and acid- 
labile phosphorus of adenosinetriphosphate (ATP) and adenosinediphos- 
phate (ADP), adenylic acid, glucose-1-phosphate (G-1-P), glucose-6-phos- 
phate (G-6-P), phosphoglyceric acid, glycerophosphoric acid, propanediol 
phosphate, and a “coenzyme” fraction. The adenylic acid and “coen- 
zyme”’ fractions are known not to represent single compounds. 

A more complete and rapid precipitation of inorganic phosphate was 
effected by the use of 5 gm. of dry magnesia mixture in addition to the 
magnesia mixture solution employed by Sacks. By this method 100 to 
900 y of P could be almost quantitatively recovered from up to 80 ml. of 
solution. This recovery prevents contamination of the subsequently iso- 
lated labile P of the ATP-ADP fraction by inorganic phosphate and also 
prevents contamination of the G-6-P fraction by the adenylic acid frac- 
tion. G-1-P phosphorus usually exists in amounts less than 100 y and is 
not recovered quantitatively. Depending on the amount present, 20 to 
50 per cent of the G-1-P fraction remains in solution and is a contaminant 
in the adenylic acid fraction. It has been reported (2, 3) that the precipi- 
tate of inorganic phosphate as MgNH,PO, adsorbed ATP-ADP, but the 
error in relative specific activity of inorganic phosphate resulting from 
this contamination was not significant (3). It was found in a tracer ex- 
periment, with known materials, that in the separation of the barium- 
soluble and barium-insoluble compounds approximately 5 y of barium- 
insoluble phosphorus were carried over into the barium-soluble fraction, 
where it would be precipitated along with the phosphate of the G-1-P 
fraction. Such contamination could cause a 5 per cent error in the ana- 
lytical amount of G-1-P and as much as a 40 per cent error in its specific 
activity. This error was effectively eliminated by the following pro- 
cedure: After the barium-soluble fraction had been separated, 2 mg. of 
P*! as sodium phosphate were added, and the separation of the two frac- 
tions repeated. The carrier phosphate removed all but a trace of the 
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original P*-containing contaminant. A similar procedure in which both 
non-radioactive inorganic phosphate and ATP were employed was also 
tested and the results were identical with those obtained when inorganic 
phosphate was used alone, indicating that if ATP was present as a con- 
taminant in the G-1-P fraction it was removed by coprecipitation in the 
inorganic phosphate ‘‘washing out”’ procedure. 

The phosphomolybdate precipitates were quantitatively transferred to 
small disks of ash-free filter paper mounted in a stainless steel precipita- 
tion apparatus.* The precipitates were washed with a 0.2 per cent solu- 
tion of Aerosol MA in 5 per cent ammonium nitrate and then with 
ethanol. The filter papers were mounted on brass rings and disks, and 
radioactivity was determined by means of a Geiger-Miiller counter (end 
window of 2 mg. per sq. cm. thickness) and a commercial scaler. After 
counting, the filter papers were transferred to small beakers and the pre- 
cipitate was dissolved by adding 10 to 25 ml. of phosphate-free 0.04 n 
NaOH. The filter paper débris was removed by centrifugation, and suit- 
able aliquots were taken for determination of phosphate by the method 
of Fiske and Subbarow (4). Total acid-soluble phosphate was determined 
after digestion with sulfuric acid. Suitable aliquots of the plasma and 
kidney TCA filtrates were taken for the determination of NaCNS by the 
method of Barker (5), adapted to the photoelectric colorimeter. 

Ten cats were given 10 ml. of 10 per cent glucose, intravenously, fol- 
lowed by a continuous intravenous infusion of 5 per cent glucose (0.04 to 
0.08 ml. per kilo per minute). This was usually sufficient to raise the 
blood sugar level initially to 300 to 400 mg. per 100 ml. and to maintain 
it above 200 mg. per 100 ml. At various times, urine samples were ob- 
tained and tested for the presence of glucose with Benedict’s reagent. 
When a strongly positive reaction was obtained, P®* was given and the ani- 
mals sacrificed 10 to 60 minutes later. At various times throughout the 
experimental period, blood was obtained from the tail and was used for 
determination of reducing sugar by a spectrophotometric modification of 
the micromethod of Folin and Malmros (6). 

In another series, twenty-five fasted cats were laparotomized, the blad- 
der exposed, and the urethra ligated. This was followed by intravenous 
injection of phlorhizin (50 mg. per kilo as a 50 mg. per ml. solution in 2 
per cent NaHCO), which was sufficient to produce glucosuria. 15 min- 
utes later, by means of a hypodermic needle and syringe, the bladder was 
washed out with two 10 ml. portions of distilled water. Approximately 
30 minutes after the phlorhizin injection, P® was injected intravenously 
and the cats sacrificed 10 to 60 minutes thereafter. Immediately after 


’ Tracerlab, Inc., Boston, Massachusetts. 
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sacrifice, urine was collected and the bladders were washed with two 10 
ml. portions of distilled water. Urine glucose was determined by the 
method of Sumner (7). 

When the specific activities of the fractions were calculated, it became 
evident that, owing to variation among the animals used, some reference 
point was needed as a basis for comparing individual cats. This was 
obtained by determining the rate at which injected P® disappeared from 
the plasma of fasted cats. Four control cats were given an intravenous 
injection of P® and, at various times thereafter, 3 ml. of blood were ob- 
tained by heart puncture. The plasma was separated from the cells by 
centrifugation, diluted 1:5 with 5 per cent TCA, and filtered. 1 ml. 
aliquots of the TCA filtrate were dried in glass planchets and counted. 
Inorganic phosphate was determined in separate 1 ml. aliquots. The 
specific activity of each sample was calculated and the results plotted as 
separate curves for each cat. These curves had the same relative shape 
but different absolute values. They were then plotted on the same axis 
by arbitrarily setting the plasma specific activity of each cat at 40 min- 
utes equal to 100 (Fig. 1). The curve shown is that which best fits the 
data. This is called the “plasma reference curve” and was used as a 
reference for the fractionation experiments described above. As shown 
in Fig. 2, identical curves were obtained in glucose- and phlorhizin-treated 
cats. 

In order to compare the specific activities obtained from all the cats 
sacrificed at any particular time, the results from each cat were expressed 
as a percentage of the plasma specific activity of that cat at the time of 
sacrifice. The specific activities were restated by multiplying the value 
of the per cent plasma specific activity of a fraction by the corresponding 
plasma activity value obtained from the arbitrary scale of the plasma ref- 
erence curve.* This method of calculating the relative specific activity 
was quite effective in correcting for physiological variations. The results 
in the control cats are shown in Figs. 3 and 4. 

The analytical amounts of each of the fractions isolated from the kid- 
neys of control animals are presented in Table I. The amount of in- 
organic phosphate found in glucose-treated animals was significantly® 
(0.01 > P > 0.001) less than that found in control animals. In the ten 


4 Thus, in an animal ini which the absolute specific activity of glucose-1-phosphate 
was found to be 25,000 c.p.m. per mg. of P, and the plasma specific activity was 
155,000 c.p.m. per mg. of P at 20 minutes, then 25,000/155,000 X 100 = 16 per cent 
or the per cent plasma specific activity. At 20 minutes the specific activity of the 
plasma is 156 of the arbitrary units on the plasma reference curve. The relative 
specific activity of the glucose-1-phosphate is, therefore, 156 X 0.16 = 25 units. 

5 The authors wish to thank Dr. G. 8. Eadie for assistance with the statistical 
analysis of the data. 
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» 10 glucose-treated animals 20.4 + 3.5® per cent of the total acid-soluble phos- 
the phate was inorganic phosphate as compared to 25.8 + 4.2 per cent for the 
control animals. The amounts of the other fractions isolated from glu- 
ame cose- and phlorhizin-treated animals were identical with those of the 
nce controls. 
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Fic. 1. Plasma reference curve of control cats (see the text). 

‘id Fic. 2. Plasma reference curve of phlorhizinized and of glucose-treated cats 
_ (see the text). 
in- 
tly® DISCUSSION 
ter oe , : : ; 

The data obtained in these experiments have been considered from the 
rate standpoint of two problems: (a) whether or not esterification is involved 
aaa in renal tubular absorption of phosphate and (b) whether the usually 
a accepted scheme of glycolysis adequately describes renal carbohydrate 
iui metabolism and is involved in tubular absorption of glucose. In con- 

sequence, interest has centered on the behavior of inorganic phosphate, 
ical 
6 Mean and standard deviation. 
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Fig. 3. Plasma reference curve plotted on a semilogarithmic scale with the mean 
relative specific activity values of fractions isolated from the kidneys of fasted con- 
trol cats. PGA, 3-phosphoglyceric acid; GPA, a-glycerophosphoric acid. 
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Fic. 4. Plasma reference curve plotted with the mean relative specific activity 
values of five fractions isolated from the kidneys of fasted control cats. 
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the labile P of ATP-ADP, glucose-1-phosphate, and glucose-6-phosphate. 
The activities of renal inorganic phosphate and of the labile P of ATP- 
ADP reached maxima and started to decline within 5 minutes. However, 
they did not equilibrate with plasma phosphate until almost 2 hours later. 
These results may be explained by assuming that, in each case, data ob- 
tained from whole kidney represent the mean of two (or more) fractions 
with differing turnover rates. Assume that plasma phosphate is the 
precursor of a hypothetical compound of heterogeneous distribution com- 
posed of two equal fractions, A and B. Fraction A is highly active and 








TABLE I 
Distribution of Acid-Soluble Phosphorus in Fractions Isolated from Kidneys of Fasted 
Cats 
Fraction = a sat Range 

mg. per 100 gm. mg. per 100 | on a 
Total acid-soluble P (43)*..................- 70.0 + 1.4 43 .0-85.2 

per cent of total per cent of total 
MGORGANIGHE CA) oe «coer Saco cap eee eae 25.8 + 0.6 18.4-36.0 
Eaoie © Of ALTP-ADP (89): 2. caci..cccc cee 8.8 + 0.5 3.9-14.9 
Stable “ “ 4 GLO ities Soeletes pera 6.1 + 0.3 4.6- 7.9 
Glucose-1-phosphate (20).................6. 2.0 + 0.1 1.0- 3.0 
Glucose-6-phosphate (16)................... 7.7 + 0.6 4.6-13.4 
PONV I CTRON NCO ooo ic 5 oeeck vlan oie ees Are 3.6 + 0.5 1.7- 5.9 
Phosphoglyceric acid (12)................... 1.8 + 0.3 0.8- 4.5 
Glycerophosphoric acid (8)................. 5.6 + 1.2 1.0- 9.3 
SESHOREUMIG US). cde cc nats 64 atte ee 5.0 + 0.5 3.1- 7.6 
Propanediol phosphate (7)................-- 1.8 + 0.4 0.5- 3.6 











* The figures in parentheses refer to the number of animals. 


equilibrates rapidly with plasma phosphate, while Fraction B is relatively 
inactive and equilibrates slowly with plasma. Both fractions may ex- 
hibit typical precursor-product curves (Fig. 5) (8). However, as they are 
isolated as one sample, AB, to which each fraction contributes activity, 
this results in the specific activity-time curve, AB. Heterogeneity can 
thus result in precursor-product curves of almost any shape. The re- 
lationships shown in Fig. 5 are essentially similar to those of inorganic 
phosphate and the labile P of ATP-ADP with plasma phosphate, and 
indicate that one or both of these compounds are of heterogeneous dis- 
tribution. 

In addition to the difficulty due to the heterogeneity of kidney, any 
attempt to decide the réle of ATP in phosphate transport is complicated 
by these facts: (1) The specific activity of intracellular inorganic phosphate 
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is not determinable for even the average of whole kidney in the absence of 
any adequate measure of the extracellular space of the kidney. The 
estimate in Figs. 3 and 4 is based on the thiocyanate space, for which ap- 
plication to the kidney can be seriously questioned. (2) The specific 
activity of the labile P of ATP-ADP may not be representative of the 





RELATIVE SPECIFIC ACTIVITY 














TIME 
Fig. 5. Hypothetical precursor-product curves (see the text) 


highly active terminal phosphate of ATP. The latter problem is being 
studied further. 

The specific activity of G-1-P exceeded that of G-6-P throughout the 
experimental period; whereas G-1-P equilibrated with plasma and ATP- 
ADP after 2 hours, at 4 hours the specific activity of G-6-P was less than 
50 per cent of that of the equilibrated fractions. These findings appear 
inconsistent with current concepts of the initial steps in glucose metabo- 
lism or transport. The known restriction of glucose reabsorption to the 
proximal tubule makes it evident how the glucose esters of the kidney as 
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a whole can maintain such low specific activities. If confined to a suffi- 
ciently small and active pool, as compared to the rest of the kidney, either 
G-1-P or G-6-P could be the active intermediate in reabsorption. How- 
ever, the data do force consideration of the possibility that the intermedi- 
ate is G-1-P rather than G-6-P, which has usually been considered the 
active intermediate. The high specific activity of G-1-P might be derived 
from an enzymatic reaction in which glucose is phosphorylated in the 
1 position analogous to the reactions of galactokinase (9) or liver fructo- 
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Fic. 6. Relative specific activity values of fractions isolated from the kidneys of 
glucose-treated cats (O) and of control cats (@). When four or more values have 


been obtained at any one time, the mean and standard deviation are shown. Time 
in minutes. 


kinase (10, 11). However, glycogen phosphorolysis could also account for 
the high specific activity of G-1-P if the intracellular inorganic phosphate 
has sufficiently high specific activity, as seems likely. 

Since it was not possible to resolve the réle of the glucose esters in renal 
glucose transport in control animals, further information was sought by 
increasing glucose reabsorption by direct glucose infusion and by inhibiting 
glucose reabsorption with phlorhizin. The data obtained in glucose- 
treated cats are summarized in Fig. 6. The increased specific activities of 
the inorganic phosphate and labile P of ATP-ADP fractions may, perhaps, 
be correlated with the decreased absolute amount of inorganic phosphate 
found in such animals. The failure of G-1-P and G-6-P to show increased 
specific activity under these circumstances, particularly after their prob- 
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able precursors, inorganic phosphate or labile P of ATP-ADP, exhibited 
increased specific activities, indicates that the bulk of the activity of G-1-P 
and of G-6-P is not derived from processes involved in the tubular reab- 
sorption of glucose. 

Table II reveals that 10 minutes after the injection of P® no differences 
are apparent in the behavior of fractions from normal and phlorhizinized 
animals. At 20 and 40 minutes, all fractions showed higher mean specific 
activities than did corresponding fractions from the contro] animals. 
However, the only statistically significant difference was that for the labile 
P of ATP-ADP at 20 minutes (0.01 > P > 0.001). In the other three 
fractions, larger ranges of values were obtained than those encountered in 


TABLE II 


Relative Specific Activities of Fractions Isolated from Kidneys of Control and 
Phlorhizinized Cats at Various Times after Injection of P*2 























Mean* and standard deviation 
Fraction 60 min.f 
10 min. 20 min. 40 min. 

Total inorganic | Control 98.3 + 8.4) 89.3 + 8.969.8 + 9.9165, 69 
phosphate Phlorhizinized (93.2 + 4.8102.4 + 21.3/74.7 + 3.9168, 70 
Labile P of ATP- | Control 66.8 + 14.6) 65.5 + 10.0160.2 + 7.1155, 60 
ADP Phlorhizinized (75.0 + 7.0) 85.2 + 11.8/69.0 + 14.9/50, 64 
Glucose-1-phos- Control 18.8 + 6.7) 23.4 + 5.8/24.2 + 7.0/40, 43 
phate Phlorhizinized 15.0 + 3.7) 36.1 + 14.0/35.0 + 16.0'30, 32 
Glucose-6-phos- Control 4.02 2.0; 6.72 1.8 8.4 + 2.0)13, 14 
phate Phlorhizinized | 4.6 + 0.6) 9.1 + 3.2)}9.7 + 4.5111, 12 








* Means of values from four to eleven cats. 
¢ Only two cats in each group at 60 minutes. 


control animals. This diversity was not due to random error but, as 
shown in Fig. 7, was correlated with the extent of glucosuria induced by 
the phlorhizin.?’ For comparison, the mean and standard deviation of 
the specific activities of the corresponding fractions observed in control 
cats are also shown. The equations of the lines in Fig. 7 were obtained 
by the method of least squares. The slopes of these lines were tested to 
see whether they differed significantly from zero, and it was found highly 
improbable that the correlation of glucosuria with the specific activities 
of G-1-P and inorganic phosphate occurred by chance (0.01 > P > 0.001). 
The significance of the G-6-P correlation was not quite as great (0.05 > 
P > 0.002). At 40 minutes, the correlation between specific activity and 
glucosuria was not so clearly apparent. 


7The three phlorhizinized cats used to construct the plasma reference curve 
showed high, moderate, and low degrees of glucosuria, respectively. 
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Whereas the concentration of ATP-ADP was unchanged by phlorhizin, 
its specific activity was elevated without an equivalent rise in the activity 
of inorganic phosphate. This must signify increased turnover of ATP- 
ADP, which is surprising since phlorhizin has been observed to inhibit 
various phosphorylating systems in vitro (12-17). These data are at 
variance with the observations of Rapoport et al. (18) that the turnover 
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Fic. 7. Correlation between glucosuria and the specific activities of fractions 
isolated from the kidneys of phlorhizinized cats, 20 minutes after the injection of 
P2, The shaded areas indicate the mean and standard deviation of the specific 
activities observed in control cats. j 


of acid-labile organic phosphate is reduced in the kidneys of phlorhizinized 
rats and with the report of Kaplan and Greenberg (19) that, in the livers 
of phlorhizinized rats, the specific activity of the labile phosphate of ATP 
decreased, while that of inorganic phosphate increased. Diczfalusy (20), 
however, found no inhibition in the turnover of ATP-ADP in the kidneys 
of phlorhizinized rats. These conflicting observations may be due to the 
varying experimental conditions employed, particularly the dosage of 
phlorhizin. 

The specific activities of G-1-P and G-6-P in phlorhizinized animals 
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parallel the behavior of inorganic P rather than that of ATP-ADP, sug- 
gesting that the former serves as precursor for the bulk of the phosphate 
in these two esters. Since these data indicate normal or possibly accel- 
erated synthesis of the glucose esters in those animals with the most 
profound glucosuria, again it appears that the bulk of the activity of these 
esters must be derived from processes other than those involved in the 
reabsorption of glucose. If, indeed, a highly active fraction of either 
glucose ester mediates renal tubular reabsorption of glucose, this fraction 
must be present in such small amount that its presence is not detectable 
with the techniques employed. 


SUMMARY 


1. The phosphate and carbohydrate metabolism of the kidneys of fasted 
normal, phlorhizinized, and glucose-treated cats has been investigated. 
P® as inorganic phosphate was administered intravenously and the time- 
course of the specific activities of various phosphate esters in the kidney 
and of inorganic phosphate of plasma were determined. Neither phlor- 
hizin nor glucose administration affected the disappearance curve of P® 
from plasma, permitting use of a method for minimizing biological varia- 
tion among cats. 

2. The specific activity-time curves obtained for inorganic phosphate 
and the labile P of ATP-ADP demonstrate that they are of heterogeneous 
distribution in the kidney. In all cats, the activity of inorganic phosphate 
and of ATP-ADP attained a maximum and started to decrease within 5 
minutes. In normal cats these fractions equilibrated with plasma phos- 
phate within 2 hours, whereas in phlorhizin- and glucose-treated cats 
equilibration was obtained earlier. 

3. The specific activity of G-1-P was greater than that of G-6-P through- 
out the time-course of the experiment; G-1-P equilibrated with plasma 
phosphate after approximately 2 hours, while G-6-P did not equilibrate 
after 4 hours. 

4, Glucose administration resulted in increased specific activity of in- 
organic phosphate and ATP, but was without effect on the activity of 
G-1-P and G-6-P. During this period, the concentration of renal inorganic 
phosphate decreased, although the concentration of the other fractions 
was not affected. 

5. Independently of the degree of glucosuria, 20 minutes after P® ad- 
ministration, the activity of ATP-ADP was significantly elevated. The 
activities of the other fractions, at 20 minutes, were correlated with the 
degree of glucosuria, the highest activities being observed in those animals 
with the greatest glucosuria. 

6. The significance of these findings is discussed with respect to renal car- 
bohydrate metabolism and tubular reabsorption of glucose and phosphate. 
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THE EFFECT OF CORTISONE AND ADRENOCORTICOTROPIC 
HORMONE ON TYROSINE METABOLISM IN THE 
SCORBUTIC GUINEA PIG* 


By DANIEL H. BASINSKI, JUNE D. WILLIAMS, anp HUGO A. FREUND 
(From the Research Laboratory of the Children’s Fund of Michigan, Detroit, Michigan) 


(Received for publication, January 11, 1952) 


The work of Schaffenburg, Masson, and Corcoran (1) on the interrela- 
tionships of desoxycorticostérone, cortisone, and vitamin C in the guinea 
pig indicates that cortisone inhibits some of the manifestations of scurvy 
and that desoxycorticosterone causes an exacerbation of the symptoms of 
scurvy. The work of Sayers and Sayers (2) also demonstrates a connec- 
tion between ascorbic acid and adrenal steroids. ‘Further evidence of a 
possible relationship is indicated by the work of Booker et al. (8, 4) in 
which adrenal cortical extract, cortisone, and desoxycorticosterone were 
shown to have a conserving effect on urinary output of ascorbic acid, 
whereas adrenocorticotropic hormone (ACTH) accelerated urinary loss of 
the vitamin. 

Since only part of the scurvy syndrome is relieved by the use of corti- 
sone, it was thought worthy of effort to try to define more closely the limits 
of vitamin C-like activity of the steroid. The well established relationship 
of ascorbic acid to tyrosine and phenylalanine metabolism (5) suggested a 
logical approach to this problem. The readily followed appearance and 
disappearance of partial metabolites of tyrosine, p-hydroxyphenylpyruvic 
acid, and the “tyrosyl” compounds when ascorbic acid is either withheld 
or administered provide an established technique for such a study. Ac- 
cordingly, a study was planned during which a diet deficient in ascorbic 
acid was fed to guinea pigs that were also given extra amounts of L-tyro- 
sine and dosed with cortisone, adrenal cortical extract, desoxycorticosterone 
acetate, and ACTH. 


EXPERIMENTAL 


Seventeen guinea pigs, each weighing approximately 300 gm., were 
housed in individual metabolism cages mounted on large glass funnels for 
collection of urine. «. second screen, $ inch mesh, was placed under the 
one forming the cage bottom to minimize contamination of the urine by 
feces. 


* This report is a part of one phase of the arthritic research program initiated and 
directed by Hugo A. Freund, and supported, in part, by funds contributed by the 
National Foundation of Rochester, Michigan, and the Michigan Chapter, Arthritis 
and Rheumatism Foundation. 
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The guinea pigs were fed a basal diet consisting of ground Purina rabbit 
chow, complete ration, to which L-tyrosine was added. The ground chow 
was spread out in the air for several days to destroy any vitamin C.  I[n- 
itially, the animals were fed ground chow mixture containing 5 per cent 
L-tyrosine. After they had become accustomed to the diet, the proce- 
dure was changed and daily each animal was fed by spreading 10 gm. of 
chow mixture containing 10 per cent L-tyrosine over a quantity of unsup- 
plemented chow. The dietary was supplemented with 1 gm. of dried 
brewers’ yeast powder scattered over the daily ration. Cod liver oil and 
wheat germ oil were given twice each week in amounts of 0.5 ml., but not 
on the same days. When required, a tablet containing 12.5 mg. of as- 
corbic acid was fed directly. 

The steroid hormones (cortisone, Merck; adrenal cortical extract, Parke, 
Davis; and desoxycorticosterone, Organon, Inc.) were administered sub- 
cutaneously in a single daily dose at the levels selected. ACTH (Armour 
Laboratories) was given subcutaneously in three equal doses during the 
day. 

Urine for each 24 hours was collected in a receptacle containing 10 ml. 
of 2 n HCl. The urine specimens were analyzed for keto acid by the 
method of Sealock, Perkinson, and Basinski (6), immediately after filter- 
ing and dilution. Purified sodium pyruvate was used for the standard 
solutions and the method was modified by using the Coleman model 14 
spectrophotometer. 

Urinary excretion of keto acid began promptly in the guinea pigs after 
they had learned to accept the diet and were eating a sufficient quantity of 
tyrosine. In control experiments this strain of animals reacted in prompt 
cessation of incomplete metabolite excretion, when given adequate as- 
corbic acid after tyrosine feeding. 

Levels of keto acid and of tyrosyl compounds in the urine were deter- 
mined, but the latter have been omitted for lack of space. The tyrosyl 
values paralleled those for keto acid; however, some guinea pigs scattered 
food, some of which fell into the urine container. Since p-hydroxypheny!- 
pyruvic acid is a product of the partial oxidation of tyrosine, the level of 
keto acid reflects only that portion of the tyrosine actually eaten by the 
experimental animal. 


Results 


In Fig. 1, cortisone and ascorbic acid were administered simultaneously 
to determine whether cortisone enhanced the effect of ascorbic acid in 
abolishing the excretion of partial metabolites of tyrosine. Cortisone, 
alone, did not cause the output of keto acid to drop below the usual level 
for vitamin C-deficient, tyrosine-fed animals. With other animals lesser 
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amounts of cortisone and varied duration of administration gave the same 
results. The amount of ascorbic acid given, 12.5 mg. per day, has been 
shown to be adequate, but in some instances several days were necessary 
before the full effect of the vitamin was evident on this dosage. 25 mg. of 
ascorbic acid, however, promptly affected tyrosine oxidation. The pres- 
ence of cortisone neither enhanced nor diminished the activity of ascorbic 
acid. 

Salmon and May (7) found that, in scorbutic monkeys eating load doses 
of tyrosine, cortisone prevents a rise in the excretion of p-hydroxyphenyl 
compounds. Table I presents results obtained in a similar experiment 
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Fic. 1. Keto acid excretion. The per cent of theoretical is calculated from the 
amount of tyrosine eaten. Left, Guinea Pig 7. Each arrow represents 25 mg. of 
cortisone administered. Ascorbic acid was given in 12.5 mg. doses on the days 
marked by lower arrows. Right, Guinea Pig 6. Adrenal cortical extract was given 
on the days indicated by the upper arrows; first 3 days, 5 dog units, next 10 days, 
10 dog units. Ascorbic acid was given in 12.5 mg. doses on the days indicated by the 
lower arrows. 


with guinea pigs. Three animals were fed the vitamin C-free diet with- 
out tyrosine for 6 days: two were given 5 mg. of cortisone daily; the other 
was used as a control. In the guinea pigs the load doses of tyrosine pro- 
duced urinary levels of keto acid in cortisone-treated animals as high as 
those shown by the control animal. 

That adrenal cortical extract had no effect on tyrosine metabolism under 
our experimental conditions also is shown in Fig. 1. During the 4 days 
that the animal was fed ascorbic acid, keto acid production fell off sharply 
and remained at a low level, rising immediately in the 2 days that ascorbic 
acid was not given. This rise is another indication of the marginal level 
of doses of 12.5 mg. of ascorbic acid for guinea pigs receiving tyrosine sup- 
plements. 

The administration of desoxycorticosterone acetate caused the guinea 
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pigs to lose their appetites. There was no diminution of keto acid output 
during the first 2 or 3 days of hormone administration, but neither animal 
ate enough tyrosine to complete the experiment. 

Representative values obtained during the administration of ACTH 
are illustrated in Fig. 2. Two of the animals (Guinea Pigs 9 and 12) 
showed definite, but temporary, remission of keto acid output. Two 


Taste I 


Keto Acid Excretion with Load Doses of u-Tyrosine of Guinea Pigs Fed 
Vitamin C-F ree Diet 














Cortisone-treated Control 
Day No. Guinea Pig 24* Guinea Pig 25t Guinea Pig 26t 
Keto acid Moles of. Keto acid Moles of Keto acid Moles of 
excretion extra tyrosine excretion extra tyrosine excretion extra tyrosine 
mg. per cent§ mg. per cent§ mg. per cent§ 
1 4.5 3.7 2.3 
2 3.2 3.6 4.1 
3 4.0 4.3 5.8 
4 6.3 5.6 4.7 
5 7.0 4.9 4.3 
6 7.0 6.1 6.1 
7 288 .0 29.0 176.4 35.5 4.1 
8 349 .2 35.2 201.6 40.6 5.9 
9 356 .4 35.8 97.2 19.6 3.2 
10 25.2 5.8 259.2 26.0 
11 4.3 2.7 109.8 
12 2.5 3.4 2.0 























* 5.0 mg. of cortisone were administered daily on the Ist to the 9th day; 1000 
mg. of L-tyrosine were fed the 7th, 8th, and 9th days. 

+ 5.0 mg. of cortisone were administered daily on the Ist to the 9th day; 500 mg. 
of L-tyrosine were fed the 7th, 8th, and 9th days. 

t 1000 mg. of L-tyrosine were given on the 10th day, and the animal refused to 
eat on the 11th and 12th days. Cortisone was not given. 

§ Keto acid excretion in moles as per cent of moles of extra tyrosine. 


other guinea pigs (Nos. 8 and 10) did not show any effect of ACTH treat- 
ment, although one received the hormone at an increased level for part of 
the time. Results with two other guinea pigs, not illustrated, also ex- 
hibited transient remission of keto acid excretion. Another animal re- 
fused to eat after the administration of ACTH for a week. A partial 
lowering of keto acid output occurred for 1 day in the week, but was coin- 
cidental with diminished intake of food. The remaining guinea pig (No. 
6), after receiving ACTH for 3 days, died suddenly. On autopsy the 
adrenals were found to be enlarged, the pair weighing 547 mg. (wet weight), 
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and the liver showed necrotic areas. This guinea pig previously had 
been made scorbutic upon three occasions and had been treated with ad- 
renal cortical extract during one period of vitamin C deficiency and with 
desoxycorticosterone acetate during a later scorbutic period. 
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Fie. 2. Keto acid excretion. The per cent of theoretical is calculated from the 
amount of tyrosine eaten. Upper left, Guinea Pig9. 5 mg. of ACTH were given on 
each of the days marked by an arrow. Upper right, Guinea Pig10. The long arrows 
indicate 20 mg. of ACTH, the shorter arrows represent 1.5, 3, and 5 mg. of ACTH 
given per day. The lower arrows indicate days on which 25 mg. of ascorbic acid were 
given. Lower left, Guinea Pig 12. 5 mg. of ACTH were administered per day. 25 
mg. of ascorbic acid on days indicated by the lower arrows. Lower right, Guinea 
Pig 8. 3to5mg. of ACTH per day. 25 mg. of ascorbic acid on 3 days. 


Three other guinea pigs died at varying intervals after receiving 25 mg. 
of cortisone per day. In one, autopsy revealed enlarged adrenals (482 mg., 
wet weight). The four animals, in which death occurred during the 
study, all had received large amounts of hormones. The deaths appar- 
ently were not caused by infection, since other animals were not affected 
at the same times. 

To determine whether the load dose of tyrosine was too large, 0.5 gm. 
was fed daily in the experiments illustrated in Fig. 2, upper and lower left 
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sections; however, the excretion levels of keto acid did not fall below those 
in the animals eating 1.0 gm. daily. It may be significant that these ani- 
mals, which were receiving the 0.5 gm. load dose of tyrosine, exhibited the 
remission of keto acid excretion after treatment with ACTH. 


DISCUSSION 


The data indicate that the scurvy-alleviating properties of cortisone 
(1) do not include any direct effect on tyrosine metabolism. There was 
no diminution in the percentage of keto acid appearing in the urine of 
guinea pigs when cortisone was administered, nor was there an increase, 

A species difference is suggested in the experiment paralleling that of 
Salmon and May (7,8). Contrary to their results, the excretion of tyrosine 
metabolites in the guinea pigs was not prevented by cortisone pretreat- 
ment. The load dose of tyrosine given to their monkeys, 2 gm. per kilo 
of body weight, was comparable to the amount fed to guinea pigs in the 
present study and the levels of cortisone administration also were com- 
parable. 

The transient lowering of urinary keto acids in the guinea pigs during 
administration of ACTH, when compared to the regular and sustained 
abolition of “tyrosyl”? compounds found in the urine of premature infants 
by Levine et al. (9, 10), suggests a species difference between guinea pigs 
and human beings. Another explanation for the difference in response to 
ACTH may be found in comparing the relative levels of tyrosine admin- 
istered. The guinea pigs, weighing 300 to 500 gm., were fed 0.5 or 1 gm. 
of t-tyrosine daily, in addition to the chow ration (complete except for 
vitamin C); the premature infants, weighing between 1320 and 2500 gm., 
were given daily a diet containing 6 gm. of protein. Assuming the use of 
whole milk, the intake is estimated to have contained approximately 
0.66 gm. of tyrosine and the same amount of phenylalanine. On the 
basis of body weight the infants received smaller quantities of aromatic 
amino acids than were ingested by the guinea pigs. 

The fleeting effect of ACTH on tyrosine oxidation in the guinea pig 
may be explained by assuming a non-specific action of the hormone in re- 
leasing tissue stores of ascorbic acid. A recent publication of Beck, 
Browne, and Mackenzie (11) reports an increased urinary excretion of as- 
corbic acid when ACTH was given to human patients, including a scorbutic 
9 month-old infant, although the ascorbic acid blood level remained at 
zero. However, Levine e¢ al. (9, 10) reported no increase in urinary as- 
corbic acid excretion in premature infants during ACTH therapy. After 
observing no change in urinary ascorbic acid levels in a patient with Addi- 
son’s disease who was receiving ACTH, Beck, Browne, and Mackenzie 
(11) suggest that the effect of the pituitary hormone on ascorbic acid ex- 
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cretion is probably mediated through the adrenal, and that the source of 
the ascorbic acid may be the adrenal gland itself. 

The specific nature of the tyrosine oxidation-ascorbic acid relationship 
is further emphasized in a recent publication by Sealock and Goodland 
(12). The possibility is presented that ascorbic acid acts as a coenzyme 
in the oxidation of the deaminated amino acid. Using cell-free scorbutic 
liver preparations, these workers found that oxygen uptake in the pres- 
ence of tyrosine and ketoglutarate (to accomplish the initial transamina- 
tion) requires ascorbic acid, and that the velocity of the oxidation is de- 
pendent on the concentration of ascorbic acid present. 

In contrast with experiments with ACTH (9, 10), Booker et al. (4) 
found that adrenal cortical extract increased ascorbic acid excretion in 
the urine. Plasma and blood cell levels of vitamin C rose during treat- 
ment with adrenal cortical extract and ascorbic acid supplements, while 
urinary loss of the vitamin tended to diminish; the blood cell levels in- 
creased more than plasma levels. 

A difference in action between the pituitary hormone and the adrenal 
hormones seems to be the apparent ability of ACTH to mobilize tissue 
stores of ascorbic acid, thus making it available for metabolic processes 
in the organism. This seems to be the most likely explanation for the 
fleeting vitamin C-like effects of ACTH in the guinea pig, and the lack of 
such an effect with cortisone, adrenal cortica] extract, and desoxycortico- 
sterone acetate. 


SUMMARY 


1. Cortisone, adrenal cortical extract, and desoxycorticosterone ace- 
tate were not found to prevent the appearance of intermediary metabolites 
of tyrosine in the urine of vitamin C-deficient guinea pigs. 

2. Although adrenocorticotropic hormone is not invariably effective, 
nor is the effect sustained when present, it does have an influence on ty- 
rosine metabolism. This is believed to be only a secondary, and not a 
direct, function of ACTH. 
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B-AMINOISOBUTYRIC ACID IN RAT URINE FOLLOWING 
ADMINISTRATION OF PYRIMIDINES* 


By KAY FINK, ROBERT B. HENDERSON, anv R. M. FINK 


(From the Department of Investigative Medicine, Veterans Administration Hospital, 
Long Beach, and the Departments of Biophysics and Physiological Chemistry, 
University of California School of Medicine, Los Angeles, California) 


(Received for publication, January 24, 1952) 


Among the unidentified substances detected in a chromatographic survey 
of urinary amino acid excretion of normal human subjects and hospitalized 
patients, one was singled out by Fink (1) for special attention since it was 
detected rather frequently, was occasionally found as a major ninhydrin- 
reacting component in urine specimens, and appeared to be of particular 
interest in connection with cancer metabolism. Fink, Henderson, and 
Fink (2) studied the excretion of the compound further, isolated it from 
the urine of two patients with cancer, identified it as 8-aminoisobutyric acid 
(BAIB), and obtained preliminary evidence indicating that a 5-methyl- 
pyrimidine is its biological precursor. Crumpler, Dent, Harris, and West- 
all (3) independently identified BAIB in normal human urine, studied its 
concentration in specimens of urine from a large group of normal subjects, 
and reported that its urinary concentration appears to be genetically con- 
trolled. 

The initial evidence concerning the biological precursor of BAIB (2) 
consisted of the observation that diets containing large amounts of thymine 
or desoxyribonucleic acid (DNA) caused normal rats to begin excreting 
detectable amounts of the new amino acid, while diets containing ribo- 
nucleic acid (RNA) failed to produce this effect. Some of the experimental 
diets were poorly tolerated by the animals, however, and there remained 
the possibility that the experimentally produced BAIB excretion was due 
to non-specific metabolic derangements. This possibility has been reduced 
by further experiments in which the urinary amino acids of rats were 
analyzed chromatographically before and after the administration of a wide 
variety of chemical compounds. The present paper describes such experi- 
ments involving BAIB and compounds with the pyrimidine nucleus. 


EXPERIMENTAL 


Animal Experiments—Urine was collected from adult male albino rats 
in metabolism cages designed to minimize contamination of urine by food 
and feces and to avoid contamination and dilution of urine by spillage of 


* Aided by a grant from the University of California Cancer Research Fund. 
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drinking water (Fig. 1). A daily record was kept of the food and water 
consumption, urine volume, and body weight for each rat. In some cases, 
the test substance was mixed with the powdered chow or added to the 
drinking water, but usually the possibility of poor gastrointestinal absorp- 
tion was avoided by employing intraperitoneal injections, the test dose 























Fie. 1. Metabolism cage for rats weighing about 80 to 300 gm. A, wire handle and 
lid lock. B, ointment bottle, 1 ounce, containing lead shot used for standardizing 
the tare weight of the cages (minus food and water containers). C, cage body, 
diameter 83 inches, height 8 inches, of 3 inch mesh galvanized screen (drawn as 1 
inch mesh); bottom, 4 inch stainless steel screen; legs, 2 inches high, offset 1 inch. 
D, food tunnel, diameter 2} inches, length 4 inches, with 13 X 1} inch opening at 
bottom. E, food cup, 4 ounce ointment jar with 1? < 12 inch opening cut in lid, 
leaving metal tabs for attaching lid to food tunnel. F', U-shaped wire (with card- 
board flag) for blocking food tunnel during weighing of the rat and food cup. G, 
water tunnel, diameter 2} inches, length 3 inches, sloped away from the cage. H, 25 
ml. graduate (containing oil) for collecting and measuring spilled water. J, shiny 
stainless steel funnel with sharp pitch to minimize clinging of feces and food parti- 
cles; top diameter 93 inches, bottom diameter 1 inch, height 16 inches. J, urine and 
feces separator (modified 500 ml. separatory funnel). K, urine-collecting graduate 
(250 ml. graduate cut off at 150 ml.) with glass rod for supporting J. L, plastic or 
copper screen shield to deflect feces and food particles into the Petri dish below. M, 
table for supporting three cages, 16 inches wide, 48 inches long, and 30 inches high, 
with three holes 83 inches in diameter spaced 14 inches between centers. 
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being administered late in the afternoon. Since many of the pyrimidine 
compounds were only slightly soluble in isotonic saline, the test dose was 
often split into two injections separated by a 90 minute interval. For 
example, the solutions of dihydrothymine and thymine were injected at a 
concentration of 5 mg. per ml. of isotonic saline at 38° and the 60 mg. doses 
were administered as two injections of 6 ml. each. The urine was collected 
under toluene, and aliquots of the 24 hour urine specimens were used for 
setting up chromatograms each morning, the remainder of the urine being 
stored at —20° for possible rechecking at a later date. 

Chromatography—The chromatographic procedure followed for rat urine 
was the same as that employed in our clinical studies and involves some 
innovations which improve the quality of two-dimensional chromatograms 
with phenol as the first solvent, reduce the amount of space and chromato- 
graphic apparatus required for the preparation of a given number of 
chromatograms per week, and minimize exposure of personnel to solvent 
vapors. 

The urine specimen was stirred and a 25 ul. aliquot was applied to a 
strip of filter paper 46 cm. X 3.5 cm. at a position indicated by a pencil 
mark 11 cm. from one end of the strip. The strip was taken to the con- 
stant temperature room (heater off above 27.8°, ventilator off below 27.5°), 
and with the use of forceps placed in an apparatus? for preparing one-di- 
mensional chromatograms by the descending technique. Phenol saturated 
with water and containing a trace of cyanide was allowed to creep down 
to within about 4 cm. from the bottom of the strip, the phenol boundary 
was marked with a pinhole, and the strip was allowed to dry at 27.8° for 
about 6 hours. The strip was prepared for chromatography in a second 
solvent by sewing one of its long edges to a rectangle of clean filter paper 
10 cm. X 34 em., sewing the opposite edge to a filter paper rectangle 36 
cm. X 34 cm., and then trimming off the extending ends of the strip (about 
9 cm. at the end with the pencil mark and about 3 cm. at the end with the 
pinhole). The sewing was done by machine; clean mercerized cotton 
thread was used, the overlap of the edges kept as narrow as possible, and 


1 Packages of Whatman No. 1 filter paper sheets (183 X 22} inches) were taken 
to a printing shop and a clean cutting, heavy duty electric paper trimmer was em- 
ployed for obtaining paper strips and sheets of the desired sizes. In order to avoid 
contamination of the paper with perspiration, which contains ninhydrin-reacting 
substances, clean rubber gloves were worn by the person placing the sheets in the 
trimmer and repackaging the pieces. 

2 Pyrex socket pipe, nominal diameter 63 inches, from the Corning Glass Works, 
Corning, New York. The small (bottom) end was placed in a crystallizing dish and 
sealed with paraffin, the top was closed by a 9 inch plate glass circle, the shoulder of 
the pipe supported a glass trough, and two beakers were placed at the bottom to 
receive the two phases of the solvent mixture. 
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the paper protected from contamination during the sewing by holding it in 
cardboard folders or at edges and corners where contamination would not 
interfere with the finished chromatogram. (The first part of the chromato- 
graphic procedure, then, was carried out in simple “one-dimensional” ap- 
paratus, the narrow phenol-laden strips “dried” relatively rapidly in a 
small space, and any phenol or phenol oxidation products retained in the 
paper were confined to the narrow strip in the composite 49 em. X 34 cm. 
sheet and thus had little chance to interfere significantly with the action 
of the second solvent.) Clean rubber gloves were worn, the composite 
sheet was folded across the top (about halfway down the attached 10 cm. 
rectangle), and the free edge of the 10 cm. X 34 em. rectangle was placed 
in one of the four 72 cm. glass troughs supported at the top of a chromato- 
graphic cabinet fitted with glass windows and stainless steel lining. After 
the cabinet was loaded with sewed papér sheets (up to sixteen), the up- 
per phase from a mixture of tert-butyl alcohol, sec-butyl alcohol, and water 
(1:5:5.6) was run into the troughs, some of the lower phase from this 
mixture and a few crystals of NaCN were placed in a tray at the bot- 
tom of the cabinet, the lid was clamped on, and two holes in the lid were 
sealed with No. 11 rubber stoppers. When the solvent had traveled nearly 
to the bottom of the sheets, suction was employed to remove the solvent 
from the troughs and tray through the holes in the lid, the cabinet was 
tipped by inflating a rubberized cloth bag under one end to facilitate sol- 
vent removal, and the papers were then dried in situ by drawing a 
stream of air through the cabinet and conducting the vapor-laden air 
outside the building. The dry chromatograms were removed and sprayed 
with 0.1 per cent ninhydrin in n-butyl alcohol saturated with water. While 
still slightly damp from the spray, they were inserted between two large 
sheets of filter paper and passed through a household type rotary ironer 
which had been geared down so that each portion of the chromatogram 
required about 30 seconds to pass under the heated platen (temperature, 
approximately 110°). After the chromatograms were ironed, they were 
inserted in separate black paper folders and left for 2 days in a humidified 
drawer at room temperature to permit further color development. The 
chromatograms were examined by transmitted light (x-ray illuminator) 
and the ninhydrin-developed spots were outlined in pencil. A photo- 
electric densitometer, equipped with a glass filter showing maximum trans- 
mission at 560 my, was adjusted to read “100 per cent transmission” in an 
area of each chromatogram (opposite the leucine and tyrosine spots) which 
has always appeared to be free of ninhydrin-reacting substances, and the 


3 A modified “‘chromatocab;” University Apparatus Company, 2229 McGee Ave- 
nue, Berkeley 3, California. 
‘ Photovolt Corporation, 95 Madison Avenue, New York 16. 
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relative transmission through the darkest portion of each spot was meas- 
ured and recorded. The urinary concentration was then estimated from 
a curve based on chromatograms of standard solutions. Analyses of stand- 
ard BAIB solutions containing 0.5 to 2.5 mm per liter and giving transmis- 
sion readings of 75 to 40 per cent, were usually reproducible within +20 
per cent. ‘Tests in which BAIB was added to urine in similar concentra- 
tions indicated that many of the urinary data also had an accuracy of 
about +20 per cent, but owing to the frequent distortion or overlapping 
of the colored spots on urine chromatograms, the routine urinary analyses 
were considered as potentially in error by a factor of 2 or more, particularly 
when, as in the thymine experiments, the density of the BAIB spot was 
low as compared with surrounding spots. BAIB could not be detected 
regularly at concentrations below 0.15 mm per liter, and, although several 
of the a-amino acids could be detected at about one-half this concentration 
(due to their more intense color reaction with ninhydrin), some of these 
were more subject to interference from other urinary constituents. 

Qualitative interpretation of the routine chromatograms was facilitated 
by preparing duplicate chromatograms of each urine specimen, one with 
urine alone, and one with urine plus a mixture of ‘marker’ amino acids, 
including aspartic acid, glycine, alanine, valine, leucine, methionine svulf- 
oxide, tyrosine, and proline. 

No attempt was made to isolate BAIB from rat urines for classical 
identification tests, but little doubt of its identity could remain after careful 
study of its position on scores of two-dimensional chromatograms run with 
or without a marker of BAIB isolated from human urine or prepared syn- 
thetically, side by side comparison with human and synthetic BAIB in 
many one-dimensional chromatograms with various solvent systems, and 
the finding that the rat BAIB was stable to acid hydrolysis and failed to 
give the copper test (4) for a-amino acids. 

Syntheses—5-Methylorotic acid® or 6-carboxythymine® was synthesized 
by the procedure of Mentzer and Billet (5). Under the same conditions 
ethyl a-oxalyl-n-butyrate was condensed with urea to give crude 5-(1’- 
carbethoxypropylidene)hydantoin, m.p. 180-182°. Treatment of 4.0 gm. 
of this hydantoin with 140 ml. of 1 N potassium hydroxide at 65° for 20 
hours gave 2.8 gm. (81 per cent yield) of 5-ethylorotic acid melting above 
300° with decomposition. 


5 The identity of 5-methylorotic acid was verified by decarboxylation to a com- 
pound which gave no depression of the melting point when mixed with thymine and 
whose ultraviolet absorption was identical with that of thymine. By the same 
criteria the compound was different from 6-methyluracil. 

6 The numbering system (cf. Chemical Abstracts) in which uracil is 2,4-dihydroxy 
pyrimidine is used throughout this paper. 
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C;H;N.0,. Calculated. C 45.65, H 4.38, N 15.22 
Found. “ 46.20, “ 4.63, “ 15.40 


By heating 1.00 gm. of 5-ethylorotic acid to 300-320° until evolution of 
carbon dioxide ceased (about 15 minutes), crude 5-ethyluracil was obtained. 
This was taken up in boiling water, decolorized with charcoal while hot, 
cooled, and filtered with suction to give 0.57 gm. (75 per cent yield) of 
white, crystalline, 5-ethyluracil. 


CeHsN202. Calculated. C 51.42, H 5.75, N 19.99 
Found. ** 51.53, ** 5.64, “* 19.89 


No satisfactory melting point could be observed owing to decomposition 
above 300°. The procedure of Clemo and Melrose (6) was employed for 
synthesis of 5,6-dihydrothymine. Catalytic reduction (7) of ethyl 
a-cyano-n-butyrate produced a-ethyl-8-alanine. 

The synthetic BAIB used in these rat experiments was prepared by the 
addition of ammonia to ethyl methacrylate. Ethyl methacrylate (5 gm.) 
containing 0.006 per cent hydroquinone, 15 N ammonia (20 ml.), and 
ethanol (20 ml.) were heated in a stainless steel bomb at 125-135° for 24 
hours. The liquid reaction mixture was decanted from the polymer and 
distilled in vacuo to remove ethanol, water, and ethyl methacrylate, leav- 
ing a clear yellow oil. The oil was hydrolyzed with 5 ml. of concentrated 
HCl on a steam bath for 2 hours. The solution was diluted 12-fold and 
passed through an anion exchange column (IR-4B, hydroxyl form, 60 to 
80 mesh) to remove chloride ion; the effluent was then passed through a 
cation exchange column (Dowex 50, hydrogen form, 60 to 80 mesh) to 
remove the amino acid. The latter column was eluted with 0.1 N am- 
monia; the eluate fractions which showed significant amounts of BAIB in 
one-dimensional chromatograms were combined and evaporated nearly to 
dryness in vacuo. The residue was taken up in 20 ml. of ethanol, allowed 
to stand overnight, and filtered to yield 1 gm. of crystals. After being 
washed with chloroform, these melted at 171—-175° and gave a mixed melt- 
ing point of 170-174° with a sample of BAIB prepared by the procedure 
of Pollack (7). An additional gm. of BAIB was recovered from the mother 
liquor. 


RESULTS AND DISCUSSION 


Chromatograms have been prepared with several hundred urine speci- 
mens collected during control periods (before or between experimental 
régimes) from about forty normal albino rats of various strains and ages, 
and none of these control specimens has shown a detectable level of BAIB. 
These results differ markedly from those obtained during our studies of 
normal human subjects (2), in which about a third of the individuals regu- 
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larly or occasionally excreted detectable amounts of BAIB, and may indi- 
cate that the rat produces BAIB to a smaller extent or catabolizes it to a 
greater extent than does man. 

After single intraperitoneal injections of dl-BAIB in normal rats, BAIB 
appeared in the urine in amounts which ranged from 5 to 30 per cent and 
averaged about 15 per cent of the injected dose (Table I), indicating that a 
considerable proportion of the administered amino acid was catabolized. 

Of the variety of pyrimidines and pyrimidine derivatives tested for their 


TaBLe I 
Experimental Production of Urinary B-Aminoisobutyric Acid in Normal Rats 




















Per cent recovery as urinary 
Compound, route of administration, and amount No. of rats nes 
| Range Average 

BAIB, intraperitoneally, 7.5-30 mg......... 6 5 -30 15 
Dihydrothymine, intraperitoneally, 60 mg... 12 3 -17 | 7 
Thymine, intraperitoneally, 60 mg.......... 12 0.5- 2 | 1 
Dihydrothymine in drinking water, 0.044%; | 

250 mg. ingested in 2 days............... 2 2-4 | 3 
Thymine in drinking water, 0.044%; 450 mg. | 

ee Ee A Re aes eee 2 0.2-0.3 | 0.3 
Dihydrothymine in food, 10%; 4800 mg. in- | 

MOSCCUN EN oO CAVA: os sic Ghee Gece oe eed 1 | 2 
Thymine in food, 10%; 3300 mg. ingested in 

[180 ON Rai BR a REE Soe Ps or eer en 1 | 0.2 
DNA* in food, 333% for 2 days; 500-600 mg. 

thymine ingestedt.s 6 6.s.05.4 eee sneer 4 0.5- 3 | 1.5 





* Desoxyribonucleic acid from sperm (Nutritional Biochemicals Corporation, 
Cleveland, Ohio). 
+ Estimated as 3 per cent of the diet. 


ability to cause normal rats to excrete BAIB, only thymine, thymine- 
containing DNA, and dihydrothymine have resulted in a detectable urinary 
excretion of this amino acid under the conditions of our experiments. 
Data on some of the injection and feeding experiments with these three 
substances are shown in Table I, in which the ‘‘Per cent recovery as urinary 
BAIB” is calculated on the assumption that 1 molecule of BAIB might 
theoretically arise from each molecule of 5-methylpyrimidine administered. 

At the dosage levels employed for intraperitoneal administration dihy- 
drothymine appeared, on the average, to be about half as effective as dl- 
BAIB and over 5 times as effective as thymine in causing urinary excre- 
tion of BAIB. The quantitative difference between dihydrothymine and 
thymine was even more marked after their administration by the oral route, 
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in which case the thymine may have been absorbed less completely than 
dihydrothymine. 

Intraperitoneal injections of 600 to 1000 mg. of DNA were occasionally 
very toxic, did not appear to be efficient as a means of causing excretion 
of BAIB, and caused excretion of material which interfered with the chro- 
matographic estimation of urinary BAIB. Accordingly, in most of the 
DNA experiments, this compound was mixed with the food. Diets con- 
taining high levels of DNA also appeared to be toxic, for in most cases the 
rats tended to reduce their food consumption as soon as the DNA was 
added, and, even though the food intake was not further reduced, there was 
usually a marked reduction in BAIB excretion after the first 2 or 3 days 


TaBLe II 


Effect of High Desoxyribonucleic Acid Diet on Daily Food Consumption and Urinary 
B-Aminotsobutyric Acid Excretion of Normal Rat 











Day Dietary régime Food consumption | Thymine ingested* Urinary BAIB 
gm. per day uM per day uM per day 

14 Chow 29 +1 Not detectable 
5 333% DNA 8 1900 30 

6 333% “ 8 1900 100 

7 333% 10 2400 8 

8 334% =“ 11 2600 7 

9 333% “ 10 2400 10 
10 333% =“ 8 1900 7 

11 333% ‘ 12 2900 Not detectable 
12-15 Chow 25 +1 re vs 




















* Estimated as 3 per cent of the test diet. 


on the diet. An example of these effects is illustrated in Table II. In 
brief feeding experiments, such as those listed in Table I, the ingested DNA 
usually caused the excretion of about as much BAIB as would have been 
expected from a comparable amount of intraperitoneally injected thymine 
(based on the estimated thymine content of the DNA, and with no correc- 
tion for incomplete intestinal absorption of the DNA). It thus appears 
likely that combined thymine is more effective than free thymine in causing 
production of BAIB. It is planned to check this point with intraperitoneal 
injections of thymidine and thymidylic acid when these compounds can be 
obtained, but it is possible that their incorporation into nucleic acid (8, 9) 
will reduce their effectiveness as agents for causing an immediate formation 
and excretion of BAIB. 

Most of the pyrimidines used in these experiments were studied primarily 
to determine whether they might cause some non-specific metabolic de- 
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rangement which could result indirectly in BAIB excretion. One exception 
to this statement involves 5-methylcytosine, a naturally occurring pyrim- 
idine which, like thymine, contains the carbon and nitrogen framework 
of the BAIB molecule and might conceivably be converted to that com- 
pound directly. Intraperitoneal injections of 50, 90, 90, and 150 mg. of 
5-methyleytosine, however, failed to cause normal rats to excrete BAIB in 
quantities detectable by the methods employed in these experiments. In 
these and other negative experiments discussed below, failure to detect 
BAIB did not prove that none was formed as a result of the injection, for 
the test was relatively insensitive, but negative results did indicate that 
the substance being tested was less effective than thymine and much less 
effective than dihydrothymine as an agent for causing urinary excretion 
of the amino acid. 

Negative results were also obtained with the intraperitoneal injection 
of thiothymine (35, 40, and 40 mg.) and 5-methylorotic acid (75, 100, 150, 
and 150 mg.), although it had seemed possible that they might cause 
excretion of BAIB since they contain the basic thymine framework and 
since conversion of orotic acid to uracil had been demonstrated in several 
studies (10-12). 

A group of pyrimidines including 5-ethyluracil (50, 60, 60, and 60 mg.), 
5-ethylorotic acid (60, 60, and 120 mg.), 5-bromouracil (100 mg.), 5-nitro- 
uracil (100 mg.), and 6-methylhydrouracil (100 mg.) failed to cause excre- 
tion of detectable amounts of BAIB and failed to cause formation of 
related unnatural amino acids in amounts capable of producing obvious 
abnormal spots on the routine chromatograms. Ordinarily no special effort 
was made to detect the possible unnatural products, but a sample of crude 
a-ethyl-8-alanine was synthesized in order to determine where it would 
appear on the urine chromatograms, if present. It had a tendency to 
overlap the valine spot in rat urine chromatograms, with an Ry value 
slightly higher than valine in phenol and slightly lower in the butyl alcohol 
mixture, and low concentrations probably would have escaped detection. 

Early experiments in which large amounts of RNA were included in the 
diet had failed to cause excretion of detectable amounts of BAIB. It was 
not considered likely, then, that uracil or cytosine or their non-methylated 
derivatives would be able to give rise to BAIB excretion, unless one of them 
could do so indirectly when it alone was present in excess, but it seemed 
possible that if thymine is catabolized to BAIB some of the uracil or cyto- 
sine compounds might be similarly catabolized to B-alanine. Intraperi- 
toneal injections of uracil (60 mg.), 5,6-dihydrouracil (150 mg.), uridine 
(150 mg.), uridylic acid (150 mg.), orotic acid (40 mg.), cytosine (90 mg.), 
cytidine from RNA (150 mg.), and cytidylic acid from RNA (200 mg.) 
failed to cause detectable BAIB excretion and probably failed to cause 
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any marked excretion of 8-alanine. In our routine chromatographic tech- 
nique, however, §-alanine may suffer interference from other compounds, 
and special techniques would have to be employed in order to determine 
whether small amounts were excreted in these experiments. 

The negative results obtained with these groups of pyrimidine com- 
pounds more or less closely related to thymine suggest that the BAIB 
excretion noted after thymine administration was due to a direct conversion 
of the pyrimidine to the amino acid rather than to some indirect, non- 
specific metabolic derangement. In the case of dihydrothymine, a direct 
conversion seems especially likely, for dihydrothymine approached the 
effectiveness of BAIB itself as an agent for causing urinary excretion of 
the amino acid. This relatively high yield suggests that dihydrothymine 
was converted to BAIB quite rapidly, almost quantitatively, or both, for 
a slow production of the amino acid in vivo might have been expected to 
favor its catabolism and minimize its urinary excretion. It would appear 
that little dihydrothymine entered the urine unchanged, for in several 
instances urine specimens were hydrolyzed to destroy peptides and con- 
vert dihydrothymine to BAIB, but subsequent BAIB analyses for the 
hydrolyzed and unhydrolyzed specimens agreed within 5 per cent. 

Several hypotheses have occurred to us as possible (and not mutually 
exclusive) explanations for differing rates or amounts of BAIB formation 
from thymine and dihydrothymine. (1) It is conceivable that thymine 
may have been converted stereospecifically into a BAIB isomer which 
was rather efficiently retained and catabolized, while the racemic dihydro- 
thymine may have been converted to dl-BAIB, furnishing an isomer that 
was rapidly excreted. (2) The organism may be able to split the ring 
of thymine less rapidly or extensively than that of dihydrothymine owing 
to resonance stabilization of the former and inhibition of resonance due 
to the absence of a 5-6 double bond in the latter. (3) The body may 
hydrolyze dihydrothymine to BAIB quantitatively, but have alternative 
pathways for the catabolism of thymine, only one of which (perhaps with 
dihydrothymine as an intermediate) favors formation of BAIB. 

Isotopic data at present available do not appear to be of much assistance 
in choosing among various theoretically possible mechanisms for thymine 
catabolism. If isotopic data had shown that most thymine molecules are 
hydrolyzed at the 1-6 and 3-4 bonds to form urea directly, this would have 
favored an oxidative mechanism (13-15) which could convert the 1-6 bond 
to an amide linkage, as opposed to a reductive mechanism, which would 
leave the 1-6 bond as a relatively stable amine linkage. Actually, how- 
ever, the isotope concentrations in urinary urea and ammonia following the 
feeding of N?*-labeled thymine (16), urea (17), ammonia, and various amino 
acids (18, 19) indicate that the catabolism of thymine may involve little 
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or no direct formation of urea. Preliminary steps are under way for label- 
ing various carbon atoms of thymine for an investigation of their ultimate 
metabolic fate and the possible formation of toxic carbamates (20, 21) as 
intermediates. 


The authors wish to thank Dr. L. J. Reed for sending us an authentic 
sample of BAIB, Dr. Arthur Furst for contributing samples of several 
other 8-amino acids, and Harold Vind, Howard Koch, Margaret Springman, 
and Thelma Waite for their valuable assistance in various phases of this 
work. 


SUMMARY 


Urinary amino acids of rats were analyzed chromatographically before 
and after the administration of 8-aminoisobutyric acid (BAIB) and com- 
pounds containing the pyrimidine nucleus. No detectable level of BAIB 
was observed on paper chromatograms from several hundred control speci- 
mens of rat urine, which is in contrast to results obtained in earlier control 
studies with humans. Of the pyrimidine compounds tested in normal rats, 
only thymine, thymine-containing desoxyribonucleic acid, and dihydro- 
thymine resulted in a detectable urinary excretion of BAIB under the 
conditions of the experiments. Dihydrothymine appeared to be somewhat 
less effective than dl-BAIB but considerably more effective than thymine 
in causing urinary excretion of BAIB. Possible explanations of the findings 
were suggested. 

Innovations in the two-dimensional paper chromatographic technique 
were described, and syntheses of 5-ethylorotic acid, 5-ethyluracil, and BAIB 
were outlined. 
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p-Glutamic acid was consistently superior to a-ketoglutarate in support- 
ing the growth of Lactobacillus arabinosus 17-5 when these substances re- 
placed L-glutamic acid in the medium (1). The results suggested that the 
conversion of p-glutamic to L-glutamic acid by this organism does not 
proceed chiefly through a-ketoglutaric acid. The present study demon- 
strates the presence of an enzymatic system in L. arabinosus which cata- 
lyzes the racemization of glutamic acid. Additional observations were 
also made which are relevant to the stimulation of utilization of p-glu- 
tamic acid by glutamine previously reported (1). 


EXPERIMENTAL 


Compounds Used—p-Glutamic acid was purchased from Amino Acid 
Manufactures of the University of California. u-Glutamine and L-glu- 
tamic acid were purchased from General Biochemicals, Inc., and a-keto- 
glutaric acid from the Nutritional Biochemicals Corporation. We are 
grateful to Dr. Dean F. Davies for a gift of pyridoxal phosphate (Merck). 

Assay Methods—L. arabinosus 17-5 was the only organism employed. 
The essential microbiological procedures have been described previously 
(1). The growth assays were performed at pH 6.0 in a low aspartic acid 
medium (2), conditions which minimize lag in the utilization of L-glutamic 
acid. The experiments reported previously (1) were all done at pH 7.0 in 
a high aspartic acid medium (8). Turbidity measurements were made in a 
Coleman junior spectrophotometer (model 6-A) at a wave-length of 600 
mu. All readings were made in a room maintained at 37°, so that the 
tubes were at the same temperature during the entire experiment. 

Mass Culture of Bacteria for Enzymatic Study—600 ml. aliquots of lab- 
oratory stock medium in liter flasks were seeded with an 8 hour culture of 


the bacteria and incubated at 37° for 12 hours. The cells were harvested 


* This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
the Charles F. Kettering Foundation. 

+ Supported by a fellowship from the Charles F. Kettering Foundation. Submit- 
ted in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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in a Sharples centrifuge and washed twice with saline. Portions of the 
cells were suspended in 0.10 m phosphate buffer, pH 6.8, and used in experi- 
ments in which the activity of the intact cells was studied. Acetone 
powders were made from the cells by suspending them in a large excess of 
acetone at —15° in a Waring blendor, filtering rapidly with suction, and 
drying in vacuo over silica gel and paraffin at 4°. 

Estimation of Glutamic Racemase Activity—All incubations were made in 
20 ml. beakers with a 3 ml. reaction volume at 37° in a Dubnoff incubator 
for a period of 3 hours. Each reaction vessel contained 1 ml. of substrate, 
1 ml. of a suspension of cells or of a homogenate of the acetone powder, 
and 1 ml. of a suitable buffer. All of the incubation experiments to be re- 
ported were performed in duplicate. At the end of the experiment the 
incubation mixture was centrifuged and the pH of the supernatant fluid 
adjusted to 4.0 to 4.4 with small volumes of 6 N HCl. The t-glutamic acid 
content was determined in suitable aliquots of the supernatant fluid with 
the glutamic acid decarboxylase from Escherichia coli as previously de- 
scribed (1). All of the L-glutamic acid was removed quantitatively from 
the incubation mixtures by the enzyme, and it was shown that there was 
an isomolar formation of CO: and y-aminobutyric acid. Quantitative re- 
coveries of CO, were achieved from L-glutamic acid which had been added 
to incubation mixtures after removal of the cells. In a number of in- 
stances quantitative measurements were made of the content of p-glu- 
tamic acid in small aliquots of reaction mixture by the paper chromato- 
graphic method previously described for y-aminobutyric acid (4) after 
enzymatic removal of the L-glutamic acid. It was possible to use this pro- 
cedure for one-dimensional chromatography in water-saturated phenol, 
since the aliquots employed contained only traces of ninhydrin-positive 
material, none of which came to the same position as the glutamic acid. 


Results 


Time-Course of Growth on v-Glutamic Acid with and without Glutamine— 
When pb-glutamic acid is used for growth in a medium containing no L-glu- 
tamic acid, a part of the p-glutamic acid must be converted into L-glutamic 
acid and another portion is probably incorporated directly into the cellular 
proteins. Analyses of hydrolysates of L. arabinosus cells have shown that 
approximately one-half of the total glutamic acid is of the p configuration 
(5). In previous experiments small amounts of glutamine markedly en- 
hanced the utilization of p-glutamic acid for growth (1). The latter 
experiments were performed at pH 7.0 in a high aspartic acid medium, 
under which conditions glutamine also enhances the rate of utilization of 
L-glutamic acid. The glutamine effect on L-glutamic acid utilization disap- 
pears when a low aspartic acid medium at pH 6.0 is used, the time-courses 
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of growth for varying concentrations of glutamine and .L-glutamic acid 
being virtually identical under these conditions.!. It would, therefore, be 
expected that under the latter conditions glutamine would give no enhance- 
ment of the utilization of p-glutamic acid if its sole function were related 
to the utilization of L-glutamic acid formed from the p form. The plots of 
the time-courses of growth with p-glutamic acid alone and in the presence 
of 15 y of glutamine per tube are shown in Fig. 1. It is seen that gluta- 
mine has a marked effect on the growth. Growth was first observed at 14 
hours in the presence of glutamine, but only at 24 hours in its absence. It 
would appear from these results that glutamine plays a réle either in the 
conversion of p- to L-glutamic acid or in the direct utilization of p-glutamic 
acid in the synthesis of cellular proteins. The experiments to be re- 
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Fic. 1. Time-course of growth of L. arabinosus with p-glutamic acid alone (Curve 
A) and in the presence of 15 y of glutamine per tube (Curve B). The results shown 
are for experiments in which 300 y of p-glutamic acid were used per tube. Identical 
results were obtained when 600, 900, 1200, or 1500 y of p-glutamic acid were em- 
ployed. 


ported subsequently show that glutamine probably does not participate 
in the racemization reaction. A further study is being made of the influ- 
ence of glutamine on the incorporation of p-glutamic acid into peptides 
and proteins. It is interesting that maximal growth response was ob- 
tained with 300 y of p-glutamic acid per tube in the present experiments. 
When similar experiments were performed at pH 7.0 in a high aspartic 
acid medium, increasing amounts of growth were obtained for quantities 
of p-glutamic acid ranging from 300 to 2500 y per tube (1). 

Experiments with Intact Cells—Intact cells (276 to 500 mg. of wet weight 
per beaker) were incubated in 0.06 m phosphate buffer, pH 6.8, for 2 to 3 
hours with 60 um of p-glutamic acid under a variety of conditions. The 
cells were inactivated by boiling and the L-glutamic acid content of the 
supernatant was determined. There were consistent increases in L-glu- 
tamic acid content over the controls, ranging from 0.3 to 0.7 um per 3 ml. 


1 Ayengar, P., and Roberts, E., unpublished. 
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of incubation mixture. This increase was not influenced by the presence 
of other amino acids. In similar experiments with L-glutamic acid there 
was no disappearance of this amino acid under these conditions. Correla- 
tive experiments showed that the presence of L-glutamic acid did not in- 
crease the respiration of the bacteria above the endogenous level. Because 
such experiments are complicated by unknown permeability factors which 
may or may not be linked with energy-yielding reactions, all of the subse- 
quent experiments were performed on acetone powders of the bacteria. 

Formation of u-Glutamic Acid from p-Glutamic Acid by Acetone Powders 
of L. arabinosus; Optimal pH for Racemase Activity—Preliminary experi- 
ments were performed in which incubations were made at 37° for 3 hours 
of 20 and 40 mg. of acetone powder in 0.06 m phosphate buffer, pH 6.8, in 
the presence of 60 uM of p-glutamic acid in a final volume of 3 ml. In each 
instance there was a net formation of L-glutamic acid ranging from 2.0 to 
3.3 uM per flask. Boiling the homogenate of the acetone powder for 3 
minutes prior to incubation destroyed the activity. When acetone pow- 
ders were incubated in the absence of p-glutamic acid, small amounts of 
t-glutamic acid were found in the medium. These quantities, which 
ranged from 0.4 to 1.0 um per 3 ml., were always subtracted from the val- 
ues found in the presence of p-glutamic acid. Duplicate controls were run 
with every experiment and in each instance in which experimental condi- 
tions were altered within a particular experiment. 

A study was then made of the influence of pH on the conversion of p-glu- 
tamic to t-glutamic acid. Three buffer systems were employed to cover 
the pH range of 5.7 to 9.5: phosphate (0.06 Mm), tris(hydroxymethy]) 
aminomethane (0.05 m), and 2-amino-2 methyl-1 ,3-propanediol (0.05 m). 
The results in Table I show that the optimal pH is approximately 8.0. It 
is interesting that the racemase activity was greater when a combined 
buffer of tris(hydroxymethyl)aminomethane (0.05 m) and phosphate (0.06 
M) was used than with either buffer alone at the same pH. The explana- 
tion for this is not yet clear. This combined buffer at pH 8.0 to 8.1 was 
used in all subsequent experiments. The largest amount of L-glutamic 
acid formed corresponded to 24.4 per cent conversion of the p-glutamic acid 
originally added. In all instances suitable blank corrections were made 
for acetone powder incubated in the absence of substrate and for p-glu- 
tamic acid incubated in the absence of enzyme. 

Formation of p-Glutamic Acid from u-Glutamic Acid—An experiment was 
then performed in which 60 um of L-glutamic acid were incubated with 40 
mg. of acetone powder at pH 8.0 in the combined buffer described above. 
At the end of the incubation the L-glutamic acid left was determined by the 
decarboxylase method. After the decarboxylation was completed, sam- 
ples were removed from the Warburg flasks for the determination of 
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p-glutamic acid by the paper chromatography (4). It was established that 
all of the L-glutamic acid was converted quantitatively into CO. and y-ami- 
nobutyric acid. The y-aminobutyric acid traveled toa position close to the 
solvent edge, while the p-glutamic acid remained fairly close to the start- 
ing point. A chromatographic standard curve for the p-glutamic acid was 
made at the same time as were the chromatograms of the experimental 


TaBLeE I 
Optimal pH for Racemase Activity 
All tubes contained 60 um of p-glutamic acid-and 40 mg. of acetone powder. All 
results are the averages of two closely checking duplicate determinations. The 
incubation period was 3 hours. 




















| pH 
Buffer | t-Glutamic acid 
Initial Final 
pM per 3 mi. 
Phosphate (0.06 m) 5.7 5.8 ZA 
6.1 6.1 7A 
6.8 6.8 4.3 
7.2 71.2 5.1 
8.0 7.6 CY i 
8.5 7.9 6.9 
Tris* (0.05 m) 8.0 7.8 6.9 
8.5 8.2 5.9 
9.0 8.6 3.5 
AMP} (0.05 m) 9.5 9.1 1.0 
Tris (0.05 m) + phosphate 8.0 7.8 14.6 
(0.06 m) | 8.5 8.1 9.4 
| 9.0 8.4 7.8 
AMP (0.05 m) + phos- 9.5 8.9 1.8 
phate (0.06 m) 





* Tris(hydroxymethyl)aminomethane. 
{ 2-Amino-2-methyl-1 ,3-propanediol. 


samples. A small amount of p-glutamic acid was found in the mixture in 
which the boiled controls had been incubated, for which a correction was 
made. The p-glutamic acid spots were large and intense in the experi- 
mental samples. 

In the duplicate samples it was found that 12.0 and 12.8 um of L-glutamic 
acid had disappeared and 10.2 and 10.9 uM, respectively, of p-glutamic acid 
had been formed. This constitutes proof that the racemization is re- 
versible. 

Influence of Various Substances on Racemase Reaction—In Table II are 
presented the results of experiments in which the influence of several sub- 
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stances of interest was tested on the conversion of p-glutamic acid to the 
L form at the optimal pH in the combined buffer. The addition of gluta- 
mine in quantities which would stimulate the utilization for growth of 
p-glutamate by the intact bacteria did not increase the rate of racemiza- 
tion. The addition of pyridoxal phosphate in quantities greater than 
those required to saturate any known enzyme system requiring this coen- 
zyme also did not stimulate the formation of the L isomer. The alanine 


TaBLeE II 
Influence of Various Compounds on Formation of u-Glutamic Acid from v-Glutamic 
Acid 
40 mg. of acetone powder were used per flask. All flasks contained 60 uM of 
p-glutamic acid, with the exception of the flasksin Experiment 2 which contained 
a-ketoglutarate and NH,Cl. The mixed buffer of tris(hydroxymethyl)amino- 
methane (0.05 m) and phosphate (0.06 m) at pH 8.1 was used. None of the reaction 
mixtures showed a change of more than 0.1 pH unit during the incubation. All 


results are averages of two individual experiments. The incubation period was 
3 hours. 




















Experiment No. Substance tested Quantity per flask | ——— acid 
uM | uM per 3 ml. 
1 None (boiled) 0.2 
: sid 14.1 
Glutamine 0.3 14.3 
Pyridoxal phosphate 4 14.6 
a-Ketoglutarate | 6.5 11.2 
“ + NH,Cl | 6.5 + 6.5 11.4 
2 None | 15.0 
pu-Aspartic acid |. Meee 16.0 
Hydroxylamine | 0.3 16.1 
| a-Ketoglutarate + NH,Cl* | 32.5 + 32.5 2.1 
| 








* This reaction mixture did not contain any p-glutamic acid. 


racemase of acetone-dried preparations of Streptococcus faecalis is activated 
by pyridoxal phosphate (6). If the glutamic racemase is a pyridoxal 
phosphate enzyme, then it would appear that the enzyme is not resolved 
in the acetone powder. Hydroxylamine, a typical inhibitor of pyridoxal 
phosphate-requiring systems, also did not inhibit the racemization when 
present in 1 X 10 m concentration. It was not feasible to use higher 
concentrations of the inhibitor, since the glutamic decarboxylase employed 
for the determination of L-glutamic acid is also inhibited. With this con- 
centration of hydroxylamine the decarboxylation was completed in 35 
minutes under the conditions employed (1). At present there is, there- 
fore, no evidence for the conclusion that the glutamic racemase system 
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requires pyridoxal phosphate as a coenzyme. Further efforts are being 
made to resolve the enzyme. 

If a-ketoglutarate were an intermediate in the transformation of one 
isomer of glutamic acid into the other, it would be expected that addition 
of this compound would accelerate the transformation. However, it was 
found that a-ketoglutarate either in the presence or absence of ammonium 
chloride inhibited the reaction to the extent of approximately 20 per cent. 
When a-ketoglutarate and ammonium chloride were incubated with the 
acetone powder in the absence of p-glutamic acid, only 2.1 uM of L-glutamic 
acid were formed as compared to 15.0 um formed from p-glutamic acid. 
These results are consistent with the growth data (1) and support the 
hypothesis that the racemization of glutamic acid does not involve the 
intermediate formation of a-ketoglutarate. However, the possibility can- 
not be ruled out at the present time that a-ketoglutarate is an intermediate 
which is tightly bound to the enzyme surface. Another possibility is that 
a-iminoglutaric acid, or a derivative thereof, may be an intermediate in 
the inversion. Evidence has been adduced in favor of such an intermedi- 
ate in the synthesis of poly-p-glutamic acid by Bacillus subtilis (7). 

Aspartic acid did not inhibit the racemization. It would, therefore, 
appear that the decreased rate of growth on p-glutamic acid in a high 
aspartic acid medium is not a result of the inhibition of the racemization. 


DISCUSSION 


The numerous questions remaining to be answered concerning the prop- 
erties of the glutamic racemase system of L. arabinosus await the prepara- 
tion of the enzyme in a stable and soluble form. Work is in progress on 
this problem. Although only one organism has been examined in the 
present study, it seems likely that this enzyme system will be found to be 
as wide-spread as the alanine racemase (6). D-Glutamic acid is present 
not only in extracellular polymeric metabolic products of several micro- 
organisms (see Rydon (8)), but has also been found to be capable of replac- 
ing L-glutamie acid for growth in a number of bacteria (5). 


SUMMARY 


1. An enzyme system has been demonstrated in acetone powders of 
Lactobacillus arabinosus which catalyzes the interconversion of the p and 
L isomers of glutamic acid. The optimal pH is approximately 8.0. 

2. In the concentrations studied, glutamine and pyridoxal phosphate did 
not accelerate the enzyme activity and hydroxylamine and aspartic acid 
did not inhibit it. 

3. a-Ketoglutarate inhibited the formation of L-glutamic acid from the 
Disomer. Incubation of a-ketoglutarate and ammonium chloride with the 
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enzyme preparation in the absence of glutamic acid showed only a small 
formation of the L isomer under conditions which gave maximal formation 
from the p isomer. 

4. It was found that glutamine accelerated the utilization of p-glutamic 
acid for growth by L. arabinosus under conditions in which it does not 
increase growth on L-glutamic acid. Since glutamine appeared to have 
no effect on the racemization reaction, it was suggested that it might play 


a rdle in the incorporation of p-glutamic acid into peptides or proteins by 
the organism. 
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THE SYNTHESIS OF 4-C",N'1-THREONINE AND A 
STUDY OF ITS METABOLISM* 


By HERBERT L. MELTZER{ anp DAVID B. SPRINSON 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, February 11, 1952) 


Since 1935, when it was first demonstrated that L-threonine, one of the 
four isomers of a-amino-6-hydroxybutyric acid, is essential for growth 
of rats (2, 3), there has been extensive confirmation of the value of this 
amino acid in the nutrition of microorganisms (4-6) and man (7). Most 
of the knowledge concerning the metabolic breakdown of threonine was 
gained with the aid of microorganisms. Two types of reaction were in- 
dicated: (1) a deamination, probably by way of dehydration, to a-keto- 
butyric acid (8, 9) (ef. (10-12)), and (2) a cleavage to glycine and, pre- 
sumably, a 2-carbon fragment. The latter reaction was studied with 
Escherichia coli, which, when inhibited by sulfadiazine, produces 5-amino- 
4-imidazolecarboxamide in proportion to the glycine content of the me- 
dium. Threonine was one-tenth as effective as glycine in this regard, 
while the conversion of serine to glycine was blocked by the sulfonamide 
(13). 

In rats both pt-threonine and pt-allothreonine were shown to be glyco- 
genic and capable of reducing the ketonuria resulting from the adminis- 
tration of butyric acid (14). While the present investigation was in prog- 
ress, reports concerned with more specific metabolism of threonine in 
higher animals appeared. Nitrogen derived from N'-labeled glycine was 
shown not to be incorporated into the threonine of the body proteins of 
the rat (15). An enzyme preparation from the liver and kidney of several 
species was described which was capable of splitting a variety of a-amino- 
8-hydroxy acids. Threonine gave rise to glycine and acetaldehyde (16, 
17). 

This report describes experiments carried out mainly with the aid of 
t-threonine labeled with C“ in the methyl group and with N'. The 
synthesis and resolution are described in the experimental part. The 


* Presented at the meeting of American Society of Biological Chemists at Atlantic 
City, April, 1950 (1). This work was supported by a grant from the American Can- 
cer Society, on recommendation of the Committee on Growth of the National Re- 
search Council. 

{ This report is part of a dissertation submitted by H. L. Meltzer in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy in the Faculty of 
Pure Science, Columbia University. 
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transfer of nitrogen from N'*-L-leucine to threonine in the rat was also 
investigated. 

Formation of Acetate from Threonine—The 4-C“,N'-1-threonine was 
fed to rats, together with DL-a-amino-y-phenylbutyric acid, by admix- 
ture to the diet. The excreted N-acetyl-L-a-amino-y-phenylbutyric acid 


TaBLe I 
Utilization of 4-C™4, N15-L-Threonine* 











Metabolitet | Activityt N"® concentration 
c.p.m. atom per cent excess 
Anatate (CAmealt)) oP es 353 
PISPNVINOSVOONE. «640. Soh sb. kb aoe wa 665 + 66 
CRED EKYT CONDON: 3.255 Soh oeeale aroun nse ties 58 + 9 
(CNG Fo LAR aa an a ee 17 
Fatty acids (Ba salts)..................... 14 
Urinary urea. ee ps Sa ee eats 114 0.42§ 
Hippuric acid iyi. Be tre oath cath, ee 73 0.615 
DIStHVIEne CATDON «50600866. Sos ok 46 
Carboxyl a ns ee Ee eee 21 
LELDON ECR sc: OR ig tk og a ae BREE 10 0.020 
NPREUIENTER ES er tele ke 51 chs oi hs Ba a3 0 0.024 
Amino acids 
oibamte Were... Ae 144 0.083 
PAERNSRRO SMO bn chic) Paice acne Oat Roce roe 123 0.054 
MAR MEHIMEIAGE S .rissyh Bas s\Aictanns d russes Mads Bs 0 0.016 
10ST ee ees 0 
LS ER alae Renta ier ee 0.273 
[ol eR, i ode Oa eR et 28 0.113 








* 0. 475 mM per 100 § gm. per day for 2 Juve. The activity of carbon 4 was 1.50 
X 105 ¢.p.m. and the amino group had 24.5 atom per cent excess. 

7 Tissue constituents were isolated from the pooled internal organs. Kor other 
compounds see the text. 

t Counts per minute per dish of carbon under standard conditions. 

§ Average of values given in Table IV. 


was hydrolyzed and the activity of the 2 acetate carbon atoms determined. 
Several body constituents, as well as the urinary urea COs, were isolated. 
The activities are given in Table I. 

Conversion of threonine to acetate by way of a-ketobutyrate and pro- 
pionate cannot be a major pathway, since 2-C'-propionate yields acety] 
groups labeled equally in both carbon atoms (18). On the other hand, 
the acetate derived from 4-C"- ‘threonine had nearly all of its activity in 
the methyl group. 

The direct conversion of 4-C'-1-threonine to 3-C"-pyruvate, which 
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would give predominantly methyl-labeled acetate (18), is unlikely. Such 
a reaction sequence would involve deamination or transamination of L- 
threonine to D-a-keto-8-hydroxybutyric acid and oxidative decarboxyla- 
tion of the latter to p-lactic acid. Since only t-lactic acid is glycogenic 
(19), it may be assumed that in higher animals the p isomer is not con- 
verted to pyruvate. 

The results obtained by tracing the fate of the y-carbon atom of L- 
threonine are, therefore, consistent with the view that the B- and y-carbon 
atoms are removed as a 2-carbon fragment. 

Formation of Glycine from Threonine—From the results summarized in 
Table I it can be seen that the N!® of the threonine was utilized directly 
for the formation of glycine. The N' of the glycine from the internal 
organs was higher than that of the glutamic acid. This was also true of 
the N!® of the serine, which is formed directly from glycine (15, 20, 21). 
Following administration of 4-C“,N'-1-threonine, together with benzoic 
acid, the excreted hippurate had appreciable N'®. In order to compare 
the extent of conversion of threonine nitrogen to hippuric acid, as well as 
the utilization of carbon 4 of threonine for acetylation, with that of other 
precursors, use may be made of the coefficients of utilization (22)! which 
are shown in Table II. It may be observed that the nitrogen of threonine 
is a much better precursor of glycine nitrogen than is that of L-glutamic 
acid. The results in Tables I and II indicate that carbons 1 and 2, and 
the amino group of threonine, are utilized, at least in part, as a unit for 
the formation of glycine. 

The extent of the utilization of threonine for hippurate formation is 
about one-tenth that of glycine. When N!-.-serine is tested under similar 
conditions, it is utilized nearly as well as glycine (ef. (24)), showing a more 
rapid, or more extensive, conversion to glycine. The coefficient of utiliza- 
tion of carbon 4 of threonine for acetylation is one-fifth to one-third that 
of administered acetate (22) and close to that-of L-alanine (25). Although 
the use of isotope dilution data in intact animals for comparing the effi- 


1 The coefficient of utilization is derived from the isotope dilution formula (28), 
b = a (x/y — 1), where a = millimoles of labeled compound administered per 100 
gm. per day, b = millimoles of material per 100 gm. per day used to dilute a, x = iso- 
tope concentration of a, and y = isotope concentration of the compound isolated. 
The coefficient of utilization = 1000/b = 1000/a(z/y — 1). It is expressed as 1000 
times the reciprocal of b so that it will show an increase with increasing utilization. 
For calculations concerned with excretion products (e.g. hippuric acid) the dose per 
day (a) is substituted in the formula even when a precursor has been fed for more 
than 1 day. When body constituents (e.g. tissue proteins) are involved, the total 
dose administered per 100 gm. is used, since the isotope concentration in a body 
constituent, in a short term experiment, is approximately proportional to the length 
of time the labeled precursor is administered. 
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ciency of various precursors involves many oversimplifications, it might be 
considered from the calculations shown in Table II that threonine is a 
more effective source of acetate than of glycine. 

There is an alternative method, however, for estimating the extent of 
conversion of threonine to glycine, which is based on a comparison of the 
utilizations of dietary threonine and glycine for the synthesis of internal 
organ proteins. The coefficient of utilization of L-threonine for glycine 
of internal organ proteins can be calculated from the data in Table I to 
be 12. The value for dietary glycine under the same experimental condi- 











TaBLeE II 
Relative Efficiencies of Utilization of 4-C',N15-L-Threonine for Acetate and Glycine 

Formation 

Coefficient of utilization* for 
Compound fed 
Acetatet Glycinet 

4-C'4,N18-,-Threonine....................0.. 11; 16 55 
MMMUIO A OER eis f5.0) gris aihie danieg oss doa were 50 
Bly PT MIMTTIG (20) 6 6.55.60 cis scisieccnoi vivccsecsd 17 
kL CLS a a ae eee prem mere ee ye 550, 825 
LG hy <0" alec lA a A ee Re eC 480 
Nee Aeivanne BGId.... oo) kw 14 











* See foot-note 1 of the text. 

t Measured by incorporation of isotope into acetyl-L-a-amino-y-phenylbutyric 
acid (22). 

t Measured by incorporation of isotope into hippuric acid. The test dose and 
0.5 mm of sodium benzoate per 100 gm. of body weight per day were added to a 15 
per cent casein diet for 2 days. 

§ Bibliographic reference No. 


tions is 52.2, As a precursor of glycine for protein synthesis, threonine is 
approximately one-fourth as effective as dietary glycine. This is in good 
agreement with the previous estimate of the extent of conversion of threo- 
nine to acetate and suggests a cleavage of the molecule between carbon 
atoms 2 and 3 as a major catabolic pathway for threonine. 

The relatively poor utilization of threonine for hippurate formation 
may be explained on the assumption that its cleavage to glycine and ace- 
tate is slow compared to the rate of hippuric acid synthesis. Hippuric 
acid would therefore be derived preferentially from endogenous sources 
of glycine rather than from isotopic glycine furnished slowly by threonine. 
Furthermore, hippuric acid formation takes place only in liver, while ace- 
tylation can occur in both liver and kidney (18). Any threonine which is 


? Elwyn, D., and Sprinson, D. B., unpublished results. 
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not metabolized in the liver may be transported to the kidney and furnish 
acetyl groups (16, 17) to the small acetate pool presumably present in this 
organ. This would lead to relatively higher isotope concentrations in the 
excreted acetyl-L-a-amino-y-phenylbutyric acid. 

If cleavage to acetate and glycine is the predominant reaction for the 
metabolism of L-threonine, its utilization for glycogen formation in the 
fasting or diabetic animal should be limited to the extent that it is a pre- 
cursor of glycine. The formation of acetate should under certain condi- 
tions lead to a ketogenic effect. In this respect t-threonine should re- 


Tasre III 
Utilization of 4-C'4,N15-L-Threonine for Heme Synthesis in Duck Blood 
Two 22 cc. samples of duck blood were incubated for 24 hours with 96 mg. of 
4-C'4,N15-pu-threonine and 30 mg. of N!5-glycine, respectively, under the usual 
conditions (30). Hemin was isolated and recrystallized. The figure for the dilu- 
tion of 2-C'4-acetate is taken from Radin e¢ al. (81). 





| 4s] 
\Isotope concentration in 

















Compound incubated psu . re > 
cu Nu cu | N38 
Cup.m.* Pr tod | 
4-C'4.N15-p-Threoninef.................0+- 58 0.037 11,000 | 660 
INEGI OINO Esc; Sea Secs: os neo tee meee 0.132 240 
PCMERGGUALO NSE) 9: oso 8 vio Juinendas aoeeuein 800 





* Counts per minute per dish of carbon under standard conditions. 
+ The specific activity of carbon 4 was 6.56 X 105 c.p.m. and the amino group 
had 24.5 atom per cent excess N!5. 

t 32 atom per cent excess N15. . 

§ Bibliographic reference No. 


semble in its behavior the metabolism of phenylalanine which may be 
either ketogenic (26) or glycogenic (27), due to its degradation to aceto- 
acetate and fumarate (28, 29). The known glycogenic and antiketogenic 
properties of pi-threonine (14) may be due largely to the p isomer. It 
is interesting in this regard that t-threonine has recently been found to 
give rise to urinary glucose only to a small extent in phlorizinized rats.’ 

Utilization of Threonine for Synthesis of Heme—A test system in which 
both glycine and acetate are used for the same metabolic product is the 
synthesis of heme by duck blood (30). It was of interest to investigate 
the behavior of threonine in this process. When 4-C",N'-pi-threonine 
was incubated with duck blood, hemin was obtained which contained 
both C“ and N'*. The results are shown in Table III, together with the 


3 Dr. W. Knowlton Hall, private communication. 
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dilutions of label obtained under the same conditions with the optimum 
concentrations of 2-C'-acetate (31) and N™-glycine. Comparison with 
experiments in which varying amounts of N!-glycine were incubated with 
duck blood (30) reveals that the formation of about 1 mg. of labeled gly- 
cine in the volume of blood treated with 4-C™“,N'*-pL-threonine would 
have been sufficient to yield hemin with the observed N™ content. If 
an equivalent quantity of 2-C'-acetate was also formed, then approxi- 
mately 1 mg. of this precursor was available as a result of incubation with 
threonine. At this level of substrate concentration 2-C"-acetate is utilized 
for heme synthesis in duck blood with a dilution of label of about 8000 
(31). This is close to the dilution actually found. It may be concluded 
that threonine is cleaved to a small extent to acetate and glycine in the 
avian erythrocyte. On the assumption that p-threonine is not utilized, 


TaBLe IV 
Urinary Excretion of N' following Administration of 4-C'4,N15-L-Threonine 





























N® concentration in 
Rat No. Total N Total N® excreted 
Total N | Urea 
gm. | atom per euith anes -_— per cant excess | 55 cli: 
1 0.404 0.351 | 0.358 | 0.101 
0.420 | 0.524 =| 0.560 | 0.157 
3 0.414 0.328 0.349 0.097 





approximately 2 per cent of the L-threonine was metabolized in this man- 
ner. 

Urinary Excretion of Threonine Nitrogen—The N* concentrations of 
the urinary total N and urea N are given in Table IV. From these data 
it can be calculated that the N’* excreted over the 2 day experimental 
period was 0.355 m.eq. Since 6.30 mm of L-threonine containing 24.5 
atom per cent excess N! were fed, this amounted to 1.54 m.eq. of N®. 
The fraction excreted in the urine was, therefore, 23 per cent, which is 
fairly close to a urinary N* excretion of 28 per cent obtained following the 
administration of N'*-L-leucine for 3 days (32). The slightly higher N'® 
concentration of the urea compared to that of the total nitrogen indicates 
that excretion of significant quantities of highly labeled threonine did 
not occur. 

Replacement of Threonine in Internal Organ Proteins by Dietary Threo- 
nine—During the 2 day feeding period the rats consumed 90 gm. of diet 
containing 15 per cent casein and 5 per cent brewers’ yeast. From the 
known concentrations of threonine in these materials (33) it can be com- 
puted that the casein contributed 540 mg. and the yeast 122 mg. of threo- 
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nine. The total intake was 662 mg. of normal and 750 mg. of labeled 
threonine, and its N' concentration was 24.5 & 750/1412 = 13 atom 
per cent excess. Since the threonine of the internal organs had 2.12 
atom per cent excess N!, the replacement was 2.12/13.0 X 100 = 16 
per cent in 2 days. This value is close to previous estimates of 29 per 
cent replacement of L-histidine (34) and 24 per cent replacement of L- 
leucine in 3 days (32). 

Stability of Amino Nitrogen of Threonine—In order to observe whether 
the ratio of C4: N* in the administered threonine had undergone appreci- 
able change in the animal as a result of reversible nitrogen transfer re- 
actions, threonine was isolated from the internal organs and carcasses of 


TABLE V 
Stability of Amino Nitrogen of u-Threonine 





Isotope concentration 








Threonine analyzed 3 | Ratio of C4:N% 
| cu Nb 
| c.p.m.* atom per cent excess | 
Internal organs............| 13,580 + 68f 2.12 + 0.02¢ | 6400 + 38.4 
i yee Aine oe | 604 + 4 0.100 + 0.005 | 6040 + 302 
Synthetic ..............:..2) SOS 108 se 240) 2426 <0 | 6100 + 26.5 





“ — (diluted).........| 2350 + 19.5 0.395 + 0.005 | 5940 + 89 





* Counts per minute per dish of carbon 4 under standard conditions. 

+ Calculated by multiplying the observed figures by 714/150, the carrier dilution 
factor (see the text). 

t The exact carrier dilution was not determined but can be estimated to be 4 
to 5. 


the rats. The C™ activities and N' concentrations, shown in Table V, 
reveal only small differences in dilution of the two labels. A very small 
exchange of nitrogen with the metabolic pool cannot be ruled out by these 
results. In this respect threonine is similar to serine, since, following the 
feeding of 3-C,N'-1-serine to rats, the C':N" ratio of the serine from 
the internal organs was nearly equal to that of the administered amino 
acid (35). 

RI another approach to this problem threonine was isolated from the 
internal organs of rats fed N'-L-leucine (36). A very small amount of 
N® was found in the threonine, amounting to only 2 per cent of that found 
in the glutamic acid and less than 1 per cent of the N" in the leucine from 
the same organs. These findings essentially confirm the results obtained 
when N!-glycine was administered to rats and threonine isolated (15). 
Among the essential amino acids threonine joins lysine (37, 38) in the un- 
availability of its amino group for reversible transfer reactions. It would 
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appear that in both cases the degradation of the amino acid is initiated by 
a reaction which does not give rise to the corresponding keto acid. Ly- 
sine is oxidized to a-aminoadipic acid (39), while threonine is cleaved to 
“acetate” and glycine. In the case of the other indispensable amino acids 
reversible nitrogen transfer reactions either precede their further catab- 


olism (e.g. leucine) or constitute an alternative metabolic pathway (e.g. 
histidine). 
EXPERIMENTAL 
Synthesis of 4-C™-a-Amino-B-hydroxybulyric Acids—The synthesis of 
4-C'-threonine was based on a modification of a recently published method 


(40),* in which the first step is the formation of ethyl a-phenylazoacetoace- 
tate from ethyl acetoacetate and phenyldiazonium chloride. 


CH;—CO—CH.—CO2Et + ¢—N=N—Cl > 

CH;—CO—CH(N2¢)—C0.2Et + HCl 
Since the synthesis of ethyl 4-C™-acetoacetate is accompanied by large 
losses of labeled compounds (41), the phenylazo ester was prepared by 
treating ethyl sodium diacetoacetate with phenyldiazonium chloride (42). 


The diacetoacetate was prepared in good yield from C%H;COCI and ethy! 
sodium acetoacetate. 


C“H;C=O 


gN:Cl_ 
(NaHCO) 





™ 
C*H;—COCI + CH;—CONa=CH—CO0:Et > C—CO.Et 


C“H;C—ONa 
C“H;—CO—CH(N2¢)—CO.2Et + C“H;—COONa 


The specific activity of the phenylazo ester is half of the starting acetyl 
chloride, but a considerable amount of acetate can be recovered from the 
reaction mixture. This procedure offers a general method for the prepa- 
ration of labeled acetoacetate (43), or, starting from mixed diacyl acetates, 
of other 8-keto esters (e.g. (44)). 

Acetyl chloride was prepared from 25 mm (representing 1 mc.) of 2-C"- 
sodium acetate according to the method for preparation of acetyl bromide 
(45). The fraction boiling at 43-56° was diluted with 35 ce. of anhydrous 
ether and added dropwise to 6.9 gm. (45.3 mm) of ethyl sodium acetoace- 
tate in 100 cc. of ether at —7° (46). The precipitated ethyl sodium 
diacetoacetate was filtered, washed with ether, and dissolved in 160 ce. of 
absolute ethanol. After addition of 15 gm. of sodium bicarbonate and 30 


4 The cooperation of the authors in making their manuscripts available to us 
prior to publication is gratefully acknowledged. 
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ec. of water, a solution of phenyldiazonium chloride (47), obtained from 2.5 
cc. of aniline, was added at 10° over a period of 20 minutes. The solution 
was stirred for an additional 20 minutes at 10°, chilled, and diluted at 
intervals with 25 cc. portions of cold water until no further precipitation 
occurred (42). After removal of the phenylazo ester, the filtrate was 
concentrated, acidified with sulfuric acid, and distilled into sodium hydrox- 
ide to recover radioactive sodium acetate. The latter was freed from 
most of the contaminating sodium chloride by extraction with ethanol. 
The 14.5 mm of sodium acetate recovered in this manner were converted 
into ethyl a-phenylazoacetoacetate as in the first run. The total product 
was used to prepare a mixture of threonine and allothreonine hydrochlo- 
rides (approximately 4:1) (40). 


H 
C“H;—CO—CH(N2¢)—CO.Et — C“H;—CO—CH(NHCOCH;)—CO.Et “ty 
2 


C¥“H;CH——-CH—CO:Et 


0 N 
SOCI HOH 
C"H;—CHOH—CH(NHCOCH;)—C0.Et ———> \ ~ — 
(4 parts allothreonine derivative, 1 part thre- Cc 
onine derivative) | 
CH; 


C“H;—CHOH—CHNH:—COOH 


(4 parts threonine, 1 part allothre- 
onine) 


The free amino acids were obtained by passage through a column of Duo- 
lite A-4; yield 1.4 gm. 

Synthesis of N'°-a-Amino-B-hydroxybutyric Acids—50 gm. of glycine con- 
taining 32 atom per cent excess N! were benzoylated (48) and the hippu- 
ric acid was converted to an alcoholic solution of ethyl a-benzamidoaceto- 
acetate (49).! 





orp aependiy pect 
| 
OHN oO 
: Ac205 absolute EtOH 

——CO—NH—CH:.—COONa ———__> — 
¢—C CH: Ne re ea 

| 

¢ 

H; 

CH;—-CO—CH(NHC0O¢)—CO:Et anes CH;—-CHOH—CH(NHCO¢)—CO:2Et 





’ The acetic anhydride and 8-picoline were redistilled, the latter following drying 
over KOH. The base must have been essentially free of sulfur compounds, since 
reduction of the crude ethyl a-benzamidoacetoacetate took place readily in the 
presence of platinum oxide (cf. (49)). 
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The solution of 8-keto ester was hydrogenated in the presence of 2.0 gm. 
of platinum oxide at 40 pounds pressure until the red color with FeCl; was 
no longer observed. After filtration of platinum, the solvent was removed 
in vacuo and the residue dried by repeated addition of benzene, followed 
by vacuum distillation. The product was dissolved in 150 cc. of dry 
benzene and treated dropwise with 300 cc. of thionyl chloride over a pe- 
riod of 15 minutes. The resulting mixture of oxazolines was hydrolyzed 
as in the synthesis of the C"-threonine. The yield of the N'-threonine 
plus allothreonine was 28.7 gm. 

4-C™ ,N§-L-Threonine—The 1.4 gm. of C-labeled product were mixed 
with 5.1 gm. of N'*-threonine plus allothreonine preparation. pL-Threo- 
nine was separated as the alcohol-insoluble crystalline sodium salt (40) 
and resolved as the N-p-nitrobenzoy] derivative (50), with the modifica- 
tion that L-threonine hydrobromide was converted to the free amino acid 
by passage through a Duolite A-4 column. The yield was 0.92 gm.; 
[a|?? = —28.2°. Only threonine was detectable in this material by paper 
chromatography. It had 24.5 atom per cent excess N’ and 1.50 x 10° 
¢.p.m. in the methyl carbon under standard conditions. 

Isotope Analyses—Radioactivity measurements were made on infinitely 
thick samples in dishes of 2.84 sq. cm. area and were corrected for back- 
scattering when necessary. Except where noted in the tables sufficient 
counts were taken so that the standard deviation of the difference (sam- 
ple + background) .— (background) was less than 5 per cent. All sam- 
ples counted were recrystallized to constant activity. 

Mass spectrometric analyses were carried out by the usual procedures 
(51). 

Feeding Experiments—Three male rats having a combined weight of 660 
gm. were fed 10 gm. per rat per day of a diet of the following percentage 
composition: corn-starch 68, casein 15, yeast 5, salt mixture 4 (52), Wes- 
son oil 6, cod liver oil 2. The labeled L-threonine was incorporated into 
the diet for a period of 2 days. Sodium benzoate (0.5 mM per 100 gm.) or 
DL-a-amino-y-phenylbutyric acid (100 mg. per 100 gm.) was also added 
to the diet each day. At the end of the experimental period the rats were 
anesthetized with ether and exsanguinated by heart puncture. The blood 
was heparinized and used for the isolation of hemin. The internal organs 
(heart, liver, kidney, spleen, testis, pancreas, intestine) were then re- 
moved, homogenized, and treated with 10 per cent trichloroacetic acid. 
The remaining carcasses (less skin and skeleton) were treated similarly. 

Isolation of Urinary and Body Constituwents—Urinary urea (nitrogen and 
carbon), total nitrogen, hippuric acid, and acetyl-L-a-amino-y-phenylbuty- 
ric acid were obtained by the usual methods. 

Hemin was isolated from the washed red cells and recrystallized (30). 
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An ethereal solution of lipides from the internal organs was treated 
with acetone and MgCl, to precipitate phospholipides. Choline was iso- 
lated from the phospholipide fraction as the HgCl. complex (53). 


C;HisNOCI-(HgCle)s (1769). Calculated, N 0.79; found, N 0.83 


The acetone-soluble lipides were saponified and used for the isolation of 
cholesterol, by way of the digitonide (54, 55), and fatty acids, as Ba salts. 

HCl hydrolysates of the internal organ proteins, after feeding L-threo- 
nine, were distilled in vacuo to remove HCl and passed in turn through 
columns of Duolite A-4 and Amberlite IRC-50 (at pH 4.7) to remove 
acidic and basic amino acids, respectively. These fractions were removed 
from the resins by elution with 1 Nn HCl. Glutamic and aspartic acids 
were separated as usual by crystallization of glutamic acid as the hydro- 
chloride and precipitation of copper aspartate. Histidine was isolated 
from the basic fraction (56). On standing in the ice box the concentrated 
solution of neutral amino acids yielded a precipitate (‘‘tyrosine-leucine” 
fraction) from which tyrosine was obtained. 

The filtrate from the “insoluble” amino acids was desalted in an electrol- 
ysis apparatus with a circulating mercury cathode (57). A glycine frac- 
tion was obtained on addition of 5-nitronaphthalenesulfonic acid. Glycine 
was isolated from it as the trioxalatochromiate (58), which was recrystal- 
lized to constant N!® content. Following removal of alanine as the azo- 
benzene-p-sulfonate, serine was isolated as the free amino acid by way 
of the p-hydroxyazobenzene-p’-sulfonate (59) (hydroxyamino N calcu- 
lated 13.3, found 13.0). Its low radioactivity (Table I; cf. Table V) 
indicated freedom from contamination with threonine. 

The supernatant from the p-hydroxyazobenzene-p’-sulfonic acid was 
converted to a solution of free amino acids by treatment with Duolite A-4. 
This solution was found to contain 175 + 4 mg. of threonine by the acet- 
aldehyde method (60). To an aliquot of this solution, calculated to con- 
tain 150 mg. of threonine, were added 564 mg. of normal 1L-threonine. 
After concentration in vacuo to 18 ec. an equal volume of ethylene glycol 
monomethyl ether was added. The precipitate obtained by this proce- 
dure was redissolved in 9 cc. of water and reprecipitated with 27 cc. of 
ethylene glycol monomethyl ether. This was repeated twice. There 
was no change in activity following the last three crystallizations. The 
hydroxyamino N (calculated 11.8, found 11.6) and the total nitrogen had 
the same N!* concentration. 

Threonine was isolated from the carcass proteins in a similar manner, 
except that the amount of threonine present was not determined prior to 
addition of carrier. 

The separation of ‘soluble’ neutral amino acids from the proteins of 
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internal organs following the feeding of L-leucine labeled with 22.6 atom 
per cent excess N'5 (86) was similar to the method previously described. 
The isolation of a number of amino acids from this fraction was carried out 
by chromatography on an 8 X 35 cm. column of potato starch (61) with 
a 1:2:10.1 N HCl-n-propanol-n-butanol mixture as the only eluent. Frac- 
tions were obtained in eluent volumes corresponding to those established 
for a column 1 cm. in diameter (61). The desired fractions were concen- 
trated in vacuo to remove solvents and HCl. The aqueous solution ob- 
tained in this manner was passed through a column of Duolite A-4 and the 
ninhydrin-positive eluate was collected separately from a forerun which 
contained contaminants derived from the starch column. The free amino 
acids were crystallized from alcohol-water. Threonine had 0.027 atom 
per cent excess N! (calculated hydroxyamino N 11.8, found 11.6). Glu- 
tamic acid hydrochloride was isolated as usual from the dicarboxylic acid 
fraction and had 1.16 atom per cent excess N!° (calculated N 7.6, found N 
7.4). The leucine had 3.60 atom per cent excess N™ (36). 

Degradation Procedures—Acetate from acetyl-L-a-amino-y-phenylbutyric 
acid was converted into the silver salt (22) and decarboxylated in a stream 
of nitrogen by treatment with bromine in carbon tetrachloride (62). The 
CO, was absorbed in baryta, while the methyl bromide (derived from 
the methyl group of the acetate) was swept into a solution of trimethyl- 
amine in ethyl alcohol. After evaporation to dryness the tetramethy]- 
ammonium bromide was crystallized from a small quantity of eth- 
anol by addition of acetone and ether. 

Hippuric acid was hydrolyzed with 6 n HCl, and, following removal of 
benzoic acid by ether extraction and HCl by distillation, the resulting gly- 
cine was treated with ninhydrin at pH 2.5. CO: was absorbed in baryta, 
while formaldehyde was distilled out of the reaction mixture and isolated 
as the dimedon derivative. 


The authors are indebted to Mr. I. Sucher for the N!® analyses, and to 
Miss M. R. Rother for the microanalyses. 


SUMMARY 


t-Threonine labeled with C"“ in the methyl group and with N' was 
synthesized. 

With the aid of this amino acid it was shown that one-fifth to one-third 
of dietary threonine is cleaved in the rat into acetate and glycine. It is 
utilized to a limited extent for heme synthesis in duck blood, both as a 
source of acetate and of glycine. The presence of 90 per cent of the activ- 
ity of the acetate in the methyl carbon atom indicates that conversion to 
propionate is insignificant. 
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m The ratio of C'#: N!* of the threonine from proteins of the rat tissues was 
d. nearly equal to that of the compound administered. Only a very small 
it amount of label was found in threonine after feeding N!®-L-leucine to rats. 
th It may be concluded that the amino group of threonine does not partici- 
c- pate in reversible nitrogen transfer reactions to any significant extent. 
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THE OXIDATION OF HISTAMINE TO IMIDAZOLEACETIC 
ACID IN VIVO 


By ALAN H. MEHLER, HERBERT TABOR, anp HUGO BAUER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes of 
Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, February 12, 1952) 


Studies on the oxidation of histamine by diamine oxidase have been pre- 
viously reported (1, 2). The action of aldehyde oxidase on the product of 
the diamine oxidase reaction was shown to yield imidazoleacetic acid in 
vitro (2, 3). It was of interest, therefore, to determine whether the intact 
organism could carry out this two-step oxidation of histamine. In the 
experiments reported below, imidazoleacetic acid has been isolated from 
the urine of rats to which large doses of histamine had been administered. 


Methods 


Synthesis of Imidazoleacetic Acid—Imidazoleacetic acid was obtained by 
Pyman (4) as a by-product during the reduction of 4(or 5)-cyanomethyl- 
imidazole with sodium and alcohol in the synthesis of histamine. We 
have prepared it in satisfactory yield by the acid hydrolysis of cyano- 
methylimidazole, which is made from chloromethylimidazole (4). Chloro- 
methylimidazole had been prepared by Turner et al. (5) by treatment of 
hydroxymethylimidazole hydrochloride with thionyl chloride. It was 
found that the easily obtainable hydroxymethylimidazole picrate (6) could 
be used directly in the reaction with thionyl chloride, without prior conver- 
sion to the hydrochloride. 

Hydroxymethylimidazole picrate (70 gm.) was added to cooled thionyl 
chloride (98 ml.). Upon refluxing for 10 minutes, all of the picrate went 
into solution. After the solution was cooled, benzene was added to com- 
plete the crystallization, and the crystal mass was triturated, collected, 
and washed with benzene. In order to remove the picric acid, the mate- 
rial was repeatedly extracted with hot benzene. The yield of chloro- 
methylimidazole hydrochloride was 31.5 gm. (96 per cent). ‘The melting 
point was 140-143°. Pyman gives the melting point of the recrystallized 
compound as 144—145° (corrected). 

The chloromethylimidazole hydrochloride was converted to cyanometh- 
ylimidazole according to Pyman (4). The latter product (13.8 gm.) was 
hydrolyzed to imidazoleacetic acid by refluxing with concentrated hydro- 
chlorie acid (90 ml.) for 1 hour. After the solution was evaporated on the 
steam bath, the residue was dissolved in water, made strongly alkaline by 
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addition of sodium carbonate, and boiled until all ammonia was driven off. 
Following neutralization with hydrochloric acid, the solution was evapo- 
rated to dryness on the steam bath. The residue was suspended in con- 
centrated hydrochloric acid, which dissolved the hydrochloride of the 
imidazoleacetic acid; the remaining sodium chloride was filtered off through 
a sintered glass Biichner funnel and washed with concentrated hydro- 
chloric acid. The filtrate was evaporated to dryness under reduced pres- 
sure. The yield of imidazoleacetic acid hydrochloride was 13 gm. (62 per 
cent), m.p. 223-225° (corrected) with decomposition. (Pyman, 225-226° 
corrected.) 

The free imidazoleacetic acid, liberated from the hydrochloride with 
silver carbonate (Pyman), was sublimed at 160-170° in a vacuum of 
<50 » and melted at 217-219° (corrected) with decomposition. (Pyman, 
222° corrected.) 

Histamine was obtained commercially as the dihydrochloride. Dowex 
50 cation exchange resin was prepared by thorough washing with 4 n 
HCl, followed by water. Dowex 1 acetate was prepared from Dowex 1 (| 
by treatment with concentrated sodium acetate solutions until the effluent 
was chloride-free. 

Colorimetric Assay—Since the coupling of diazonium salts to imidazole 
rings is sensitive to pH, the modified Pauly reaction previously described 
for the determination of histamine and acetylhistamine (7) has been fur- 
ther modified to produce the maximum color from histidine and imidazole- 
acetic acid; tertiary butanol has been included to stabilize this color in the 
aqueous solution. For the determination, diazotized p-nitroaniline was 
prepared as previously described (7, 8) and the additions were made as 
follows: the sample (0.5 ml.) and 2 ml. of 0.4 Nn HCl were mixed in a test- 
tube and cooled in ice; 0.5 ml. of the diazo reagent was added with shaking, 
followed by three successive 0.1 ml. portions of 20 per cent Na,CO3. 1 ml. 
of tertiary butanol was mixed with the solution; then 0.2 ml. of 20 per 
cent Na2,CO; and 0.12 ml. of 5 Nn NaOH were added. The absorption of 
the resulting red color was measured at 550 my in a Beckman DU spectro- 
photometer. Paper chromatography was carried out by an ascending 
method (14 hours) with Schleicher and Schiill No. 598 filter paper and the 
solvents described by Block and Sober (9) and Meister, Sober, and Tice 
(10). The location of the spots was determined with diazotized anisidine, 
essentially as described by Sanger and Tuppy (11). 


EXPERIMENTAL 


Male rats weighing about 200 gm. were each injected intraperitoneally 
with 10 ml. of a solution containing 0.22 mm of histamine dihydrochloride, 
0.44 mm of sodium bicarbonate, and 1 mm of sodium chloride; the injec- 
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tion was repeated 20 hours later. 
not food during the 44 hour experimental 


period. 
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The animals were allowed water but 
Preliminary experiments 


showed that essentially all the imidazoleacetic acid was excreted within 
this period. Urine was collected in dilute sulfuric acid to prevent bacterial 
contamination. For the determination of imidazoleacetic acid, an aliquot 
of the pooled urine (adjusted to pH >7) was adsorbed on Dowex 1 acetate 
and eluted with dilute acetic acid. The diazo-reacting material was then 
determined in this acid eluate. This fraction accounted for approximately 
25 per cent of the administered histamine. The validity of the diazo test 


TaBie [ 








Paper Chromatography of Imidazoleacetic Acid and Other Imidazole Compounds 





| | 








. Lutidine 0.55, 

Ethanol 0.77, butanot 070, oy Or ae 

FO 025 | outs, HG 04s | diethylamine 
Urine (Dower eluate): 2.505.058 tenes 0.48 0.54 0.43 
Synthetic imidazoleacetic acid............. 0.42 0.54 0.45 
PE MRBURU ESAT osc) a he wc ak eres ea Pe ee 0.25 0.18 0.39 
RESORT ss 2 eect es sicig aikce Poa qaeieess eae ees 0.20 0.53 
WOOROTMRSONING ohcc.ciod ecinsbasesebe ouncweee 0.73 0.66 0.72 
RGU Y PIBUAIENG 5 on.ss: sho 50 35.4. 0rew ce saewisievion s 0.64 0.30 0.74 
6-Hydroxyethylimidazole................... 0.71 0.59 0.78 














10 to 50 7 of each compound were placed on the paper. The values in the table 
are expressed as Ry. A mixture of the Dowex eluate and authentic imidazoleacetic 
acid developed with the lutidine solvent showed only a single spot. Imidazole- 
carboxylic acid and imidazoleformaldehyde (16) did not yield a significant color 
either on paper or in the quantitative diazo test used. Methylhistamine (8-meth- 
ylaminoethylimidazole) and 6-hydroxyethylimidazole were prepared according to 
Pyman (17). Acetylhistamine was prepared as previously described (13). 


on the Dowex eluate as an estimation of imidazoleacetic acid was demon- 
strated by the results of paper chromatography. Spots of the Dowex 
eluates were developed on paper alongside imidazoleacetic acid standards. 
The results are shown in Table I, and indicate that the compounds are 
identical. No other spots were visible on the chromatograms; histamine 
and acetylhistamine, the other substances known to be excreted when 
histamine is administered (12-15), are not adsorbed by Dowex 1 acetate. 
In control experiments in which rats were given 0.15 m NaCl in place of 
histamine, no imidazoleacetic acid (<0.2 um per 24 hours) could be de- 
tected in the urine. 

For the isolation of imidazoleacetic acid, pooled urines from twenty- 
eight rats were made slightly alkaline with barium hydroxide, and the 
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barium sulfate was removed by filtration. The alkaline solution was 
adsorbed on a Dowex 1 acetate column (height 42 cm.; diameter 4.5 cm.); 
the column was washed with water and eluted with 0.2 m sodium acetate. 
The eluate between 2.5 and 7 liters, containing the imidazoleacetic acid, 
was then adsorbed on fresh Dowex 1 acetate resin and eluted with acetic 
acid in order to remove sodium ions. The acid eluates were evaporated 
to dryness; the residue was dissolved in 2 cc. of warm water and precipi- 
tated by the gradual addition of 20 cc. of acetone and cooling to 0°. The 
precipitate was further purified by adsorption on a Dowex 50 column 


100 
80 
60; 
40 
20 

ie} 
80 
60 
40 
20 
.e) 








% TRANSMISSION 








ee en, Se Se a oe eee 


ISOLATED 
4567 8 9 10 12 13 14 15 


t 








3 


in) 


MICRONS 
Fig. 1. The sublimed samples were ground to a fine mull in Nujol, and the infra- 
red spectrum recorded with a Perkin-Elmer double beam recording spectrophotom- 
eter. The regions in which Nujol absorbs are indicated by arrows. These measure- 
ments were made by Mrs. P. B. Humphries of the Steroid Section. 


(height 10 cm.; diameter 1 cm.) and elution of the imidazoleacetic acid as 
the hydrochloride with 2 Nn HCl. The fractions containing imidazoleacetic 
acid were evaporated to dryness on a steam bath and the residue was dis- 
solved in water. Imidazoleacetic acid hydrochloride was converted to 
imidazoleacetic acid by adsorption on Dowex 1 acetate resin, and elution 
with acetic acid. After evaporation of the eluates to dryness, the residue 
was taken up in 2 ml. of warm H,0 and crystallized by addition of acetone 
(m.p. 208-211°) (uncorrected). 

This material was sublimed at 0.025 uv at 140-145°, and 30 mg. of crys- 
talline imidazoleacetic acid were collected. This yield is not a measure of 
the imidazoleacetic acid excreted, as no attempt was made to obtain quan- 
titative recoveries at any stage of the purification. The sublimed com- 
pound had the following properties. 





XUM 


bo 
he 4 


~ — & FS & 





XUM 


A. H. MEHLER, H. TABOR, AND H. BAUER 479 


Melting Point—The isolated sample melted at 221-223°; authentic im- 
idazoleacetic acid melted at 221-222°; the mixed melting point was 221- 
223° (all with decomposition). 


C;H,O2N2. Calculated. C 47.62, H 4.79, N 22.21 
Found. “47.38, “ 4.71, “ 22.25 


Infra-Red Spectrophotometry (Fig. 1)—The infra-red spectrum of the 
isolated and synthetic samples of imidazoleacetic acid were essentially 
identical. 


DISCUSSION 


These data demonstrate the in vivo conversion of histamine to imidazole- 
acetic acid, which had previously been carried out in enzymatic experi- 
ments. It should be pointed out, however, that these experiments con- 
cern only one of the possible pathways of histamine metabolism and do 
not exclude other possible metabolic paths. One of these, the acetylation 
of histamine, has been described previously (12-15). 

Dr. Richard Schayer (14) has recently found that, following the intrave- 
nous administration of minute quantities of 2-C'-histamine to rats and 
guinea pigs (0.1 y per gm.), very little if any imidazoleacetic acid appeared 
in the urine. The apparent discrepancy between the results of Schayer 
and those reported above is probably related to the gross difference in the 
amounts of histamine administered. In unpublished experiments we have 
found that only one-third of a 246 um dose (40 mg.) of imidazoleacetic acid 
hydrochloride, injected intraperitoneally into a 250 gm. rat, was found in 
the urine; when smaller amounts were administered, the per cent recovered 
was less. Therefore, even if all of the histamine given in the experiments 
of Schayer had been converted to imidazoleacetic acid, very little of this 
compound would have appeared in the urine. While the metabolic fate 
of imidazoleacetic acid is not known, the possibility exists that it is an 
intermediate in the physiological oxidation of histamine. 


We wish to thank Mrs. P. B. Humphries for performing the infra-red 
spectrophotometry and Dr. W. C. Alford for the elementary analyses. 
We also wish to thank Dr. Richard Schayer for sending us his manuscript 
prior to publication, and Dr. Herbert Sober for his advice on the paper 
chromatography procedures. 


SUMMARY 


Imidazoleacetic acid has been isolated from the urine of rats to which 
histamine had been administered intraperitoneally. 
A modified synthesis of imidazoleacetic acid has been described. 
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FURTHER STUDIES ON FOLIC ACID-ASCORBIC ACID 
INTERRELATIONSHIPS IN THE RAT* 


By MORTON A. SCHWARTZ anv J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, February 15, 1952) 


The depression of rat liver ascorbic acid levels by dietary aminopterin 
was first reported by Williams (1). Upon further investigation of this 
relationship between aminopterin and ascorbic acid, it was found by 
Schwartz and Williams (2) that, while dietary aminopterin decreased the 
ascorbic acid content of rat liver, supplementation of the group fed ami- 
nopterin with either folic acid or Leuconostoc citrovorum factor did not 
restore the liver ascorbic acid values to normal. Also, feeding a basal 
ration fortified with a high level of folic acid did not increase the ascorbic 
acid content of the liver above the value found for those animals receiving 
the basal ration alone. 

The above investigations have led to the question of whether the de- 
crease in liver ascorbic acid due to the ingestion of aminopterin was caused 
by an actual inhibition of ascorbic acid synthesis in the rat or by an ab- 
normally high excretion of ascorbic acid from the tissues. In the present 
studies, therefore, we have investigated these questions in an attempt to 
elucidate the folic acid-ascorbic acid interrelationship uncovered in pre- 
vious work (1, 2). 


EXPERIMENTAL 


In these studies, male 260 to 290 gm. rats of the Holtzman strain were 
employed. All the rats were placed in metal metabolism cages and were 
fed a synthetic basal ration for 2 days to acclimatize them both to the 
synthetic ration and to the metabolism cages. After the acclimatization 
period, the rats were divided into three groups. Group I was maintained 
on the basal ration which consisted of 18 per cent casein, 4 per cent Salts 
IV (3), 2 per cent vitamin mix (4), 5 per cent corn oil, and 71 per cent 
sucrose. Group II received the basal ration to which aminopterin! was 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. Supported in part by a grant from the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. 

1 The authors wish to thank Dr. J. J. Oleson of the Lederle Laboratories Division, 
American Cyanamid Company, Pearl River, New York, for the generous supply of 
aminopterin used in these studies. 
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added. The aminopterin was included in the vitamin mix so that 100 gm. 
of vitamin mix contained 20 mg. of aminopterin. Group III received the 
basal ration in which a high level of folic acid (250 mg. of folic acid per 
100 gm. of the vitamin mix) was included. 

The urine excreted by the rats was allowed to drain into a solution of 
10 per cent acetic acid-5 per cent metaphosphoric acid which was covered 
with a layer of toluene. The screens of the metabolism cages and the 
funnels were washed at least once a day with this solution. Every 3 days 
the urine samples were collected and prepared for analysis by filtration 
and dilution to a specific volume with the mixed acid solution. The as- 
corbic acid content of the urine samples was determined by the method 
of Roe and Oesterling (5) as modified by Bolomey and Kemmerer (6) and 
Bolin and Book (7). Upon the completion of the excretion work, a number 
of animals from each group were sacrificed and the liver ascorbic acid 
levels were determined by the above method. This was done to confirm 
previous results of lowered liver ascorbic acid levels due to dietary ami- 
nopterin (1, 2) and to make more valid a comparison between excreted 
ascorbic acid and liver ascorbic acid. 


RESULTS AND DISCUSSION 


The results of the urine ascorbic acid analyses are presented in Table I. 
It was found that a major portion of the ascorbic acid in all samples of 
urine was present as dehydroascorbic acid, which was probably caused by 
air oxidation of the ascorbic acid during the collection procedure. There is 
also a good possibility that the dehydroascorbic acid formed may have been 
hydrolyzed to diketogulonic acid. However, since both dehydroascorbic 
acid and diketogulonic acid produce the same osazone as ascorbic acid 
under the conditions of the analysis employed, these reactions should not 
invalidate the results obtained. Therefore, the results of the urine analyses 
are reported as total ascorbic acid. 

From Table I it can be observed that the feeding of aminopterin, rather 
than increasing the output of ascorbic acid, actually decreased its excretion 
with time. Both the basal ration (normal control) and the basal plus high 
folic acid ration induced a slight increase in urinary ascorbic acid with 
time. This is difficult to explain unless the normal synthetic ration was 
more conducive to ascorbic acid synthesis or excretion than the stock ra- 
tion the animals had previously been fed. In the group receiving ami- 
nopterin there was at first a slight increase in ascorbic acid excretion 
similar to that of the other two groups, but this was followed by a marked 
decrease in ascorbic acid excretion. This was probably the point at which 
the dietary aminopterin began to take effect. 

In Table II are presented the results of the effect of dietary aminopterin 
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on the ascorbic acid concentration in the livers of the rats used in obtaining 
the results of Table I. At the end of the 12 day experimental period the 
rats receiving dietary aminopterin showed typical aminopterin-induced 
symptoms; inactivity, porphyrin secretion, and diarrhea. The results of 
Table I correspond very closely to the results observed in previous work 


TaBe I 
Effect of Aminopterin and High Level of Folic Acid on Ascorbic Acid Excretion by Rat 
































Ascorbic acid excreted, in mg. per rat per day* 
Group No. Ration Cage No. 
1-3 days 4-6 days 7-9 days | 10-12 days 
I Basal I (2)t 1.04 1.46 1.69 
II (2) 0.87 0.81 0.92 1.51 
| III (2) 0.90 0.75 0.90 
AVOVAMO fcc ese ethene 0.94 1.01 1.31 1.21 
II | Basal + aminop- IV (2) 0.62 | 0.65 | 0.58 | 0.46 
terin V (2) 1.02 1.56 1.21 0.71 
VI (2) 1.86 1.33 1.58 0.77 
| VII (2) 1.18 1.33 1.29 
VIII (2) 1.04 1.21 0.58 
IX (2) 0.69 0.63 0.58 
PVOREUE = 5 occh cr names 1.07 1.22 0.98 0.63 
III Basal + high X (1) 1.00 1.58 1.75 2.20 
folic acid XI (2) 0.52 0.65 0.67 0.92 
XIT (2) 0.94 0.79 1.19 0.98 
PG OU MIEN STS 5.6 ace ee snl trons 0.82 1.01 1.21 1.37 


























* These values represent an average daily excretion per rat for the specified 3 
day period. 
+ The numbers in parentheses indicate the number of rats per cage. 


(1, 2); 2.e., dietary aminopterin markedly decreases liver ascorbic acid con- 
centrations in the rat. When excess folic acid (250 times as much as that 
present in the basal ration) was included in the basal ration, liver ascorbic 
acid was not increased over the normal control. This indicates that excess 
folic acid may not be utilized in the formation of large, probably unneeded, 
amounts of ascorbic acid. 

When the results of Tables I and II are compared, it can be seen that 
dietary aminopterin decreases urinary excretion of ascorbic acid to about 
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the same extent as it lowers liver ascorbic acid concentrates. Therefore, 
the decrease in liver ascorbic acid must be due to less ascorbic acid syn- 
thesis by the tissues rather than to a loss of formed ascorbic acid by ex- 
cessive excretion. These findings suggest that folic acid is involved, either 
directly or indirectly, in the synthesis of ascorbic acid by the rat, since 
at least one known function of aminopterin is that it inhibits the utiliza- 
tion of folic acid (8-10). 


TaBeE IT 
Effect of Aminopterin and High Level of Folic Acid on Rat Liver Ascorbic Acid 





. : , Ascorbic acid after 1 
Group No. Ration No. of animals | “* Cr ecified ration 





¥ per gm. liver 
I Basal 4 313 (300-325)* 
II ‘¢ + aminopterin 8 191 (165-230) 

III ‘¢ + high folic acid 3 293 (255-300) 














* The values in parentheses represent the range of individual ascorbic acid values. 


SUMMARY 


The decrease in liver ascorbic acid of rats fed aminopterin appears to 
be due to an actual inhibition of ascorbic acid synthesis rather than to a 


loss of formed ascorbic acid from the tissues. In fact, in rats fed ami- 
nopterin the urinary excretion of ascorbic acid decreases proportionally as 
the liver concentration decreases. 
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